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PREFACE 


The  Air  Force's  major  guide  to  corrosion  control  of  real  property 
anti  real  property  installed  equipment  has  been  contained  in 
Air  Force  Manual  88-9,  Chapter  4 which  was  published  August 
1962.  The  corrosion  control  field  has  been  progressing  with 
new  methods,  materials  and  equipment  constantly  being  introduced. 
Since  the  Air  Force’s  corrosion  manual  was  old  and  outdated, 
a need  existed  for  searching,  investigating  and  documenting 
the  new  methods,  materials  and  equipment  for  corrosion  control. 

It  was  decided  that  the  most  prompt  and  economical  method  of 
accomplishing  this  task  was  by  procuring  the  services  of 
a prominent  corrosion  engineering  firm.  Because  of  the  large 
volume  of  the  documented  findings  of  this  endeavor,  the 
information  has  been  published  in  three  volumes.  The  first 
volume  is  entitled  Corrosion  Control  - General.  The  second  and 
third  volumes  are  entitled  Cathodic  protection  Testing  Methods 
and  Instruments  and  Cathodic  Protection  Design. 
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CORROSION  CONTROL  - GENERAL 


SECTION  1 ' INTRODUCTION 

1.1  PURPOSE . This  report  is  specifically  written  for  Civil 
Engineering  personnel  hut  Kill  be  used  by  all  elements  of  the 
Military.  It  covers  mainly  Real  Property  and  Real  Property 
Installed  Equipment. 

1.2  SCOPE.  This  is  a report  on  corrosion  and  corrosion 
control  of  buried  and  submerged  metal  structures.  Causes  and 
theory  of  corrosion,  as  well  as  cathodic  protection  application, 
material  selection,  and  some  coatings  are  included. 

1.3  IMPLEMENTATION.  The  report  is  a guide,  based  on  the  best 
information  currently  available. 


SECTION  2 - JUSTIFICATION  FOR  CORROSION  CONTROL  INCLUDING 
ECONOMICS 

2.1  GENERAL.  A few  of  the  many  reasons  to  initiate  a 
corrosion  control  program  for  a proposed  or  existing  struc- 
ture are: 

a.  to  insure  continuity  of  operations  for  the  success  of 
the  mission, 

b.  to  minimize  hazard  to  life,  limb,  product  or  environ- 
ment that  a failure  could  cause,  * 

c.  to  satisfy  government  regulations, 

d.  to  minimize  future  expenditures  resulting  from  mater- 
ial deterioration,  thus  minimizing  annual  operating  costs. 

The  relative  importance  of  these  varies  depending  on  the  in- 
dividual structure  or  system  under  consideration.  Economics 
are  not  always  the  prime  consideration. 

2.2  CONTINUITY  OF  OPERATION.  Military  facilities  are 
always  maintained  in  a designated  state  of  readiness;  the 
activity's  importance  is  determined  by  the  assigned  mission. 

For  example,  the  loss  of  a fuel  oil  storage  tank  serving  a 
boiler  supplying  heat  to  a housing  area  would  not  be  vital 
to  operations  unless  the  same  tank  furnished  fuel  to  a 
diesel  electric  generator  set  that  supplied  electric  power 
to  a communications  center.  Here,  loss  of  the  tank  would  be 
of  vital  military  importance.  It  is,  therefore,  evident 
that  the  oil  storage  tank  should  be  maintained  in  a high 
state  of  repair  and  protected  from  corrosion  attack.  Econo- 
mics must  often  be  sacrificed  in  order  to  preserve  the  con- 
tinuous operation  of  vital  facilities.  Among  the  operations 
which  may  be  considered  vital  are: 

Communication  facilities 
Power  facilities 
Air-craft  fueling  facilities 
Navigation  aids 

Fire-fighting  facilities  , 

Hospitals 

Missile-launching  facilities 
Docks  and  piers 
Water  supply  systems 

2.3  MINIMIZING  HAZARDS.  Certain  materials  used  in  mili- 
tary operations  are  hazardous  to  handle.  Deterioration  of 
the  structures  holding  and  servicing  such  materials  may 
cause  danger  of  fire  and  explosion,  contamination  of  mater- 
ials, injury  to  personnel,  or  damage  to  the  environment. 

Corrosion  deterioration  of  structures  involving  such  hazards 
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may  cause  damage  far  in  excess  of  tbe  economic  value  of  the 
material  contained  or  corroded  structures;  some  of  tbe  pos- 
sible damage  - personal  injury,  pollution,  depletion  of  nat- 
ural resources  - cannot  be  evaluated  economically. 

Many  catastrophic  structural  failures  have  occurred  in 
recent  years,  as  in  tbe  past,  due  to  improper,  or  lack  of, 
corrosion  control.  Recently,  a hydraulic  elevator  cylinder 
failure  injured  several  people  when  tbe  elevator  fell  50 
feet.  Investigation  revealed  that  soil  corrosion  of  tbe 
elevator  cylinder  was  tbe  cause.  Tbe  hydraulic  cylinder  ex- 
tended 30  feet  ipto  tbe  earth  below  basement  floor  level; 
corrosion  deterioration  took  place  on  tbe  bottom  five  inches. 
Only  .096  inch  of  tbe  .250  inch  thick  cylinder  wall  remained. 
This  weakened  tbe  structure  and  tbe  weld  bolding  tbe  3/4-  inch 
thick  bottom  bulkhead  blew  out,  allowing  the  oil  to  escape 
from  tbe  cylinder  rapidly.  This  caused  tbe  accident. 

Figure  2-1  illustrates  tbe  condition  of  tbe  bottom  of  tbe 
cylinder.  Soil  conditions  at  tbe  site  favor  buried  steel 
corrosion. 

Corrosion  is  a major  cause  of  bridge  failures.  Recently 
several  major  highway  bridges  have  collapsed  under  use  as 
tbe  result  of  corrosion.  Serious  property  damage,  injury, 
and  loss  of  life  occurred.  Some  failures  were  caused  by 
deterioration  of  steel  "H"  piles,  corroded  in  salt  water. 
Bridge  components  are  subject  to  corrosion  deterioration 
from  environmental  conditions,  galvanic  cells  and  stray  cur- 
rent action.  Corrosion  can  be  controlled  through  tbe  use  of 
coatings,  cathodic  protection,  good  specifications  and  tbe 
proper  selection  of  materials  for  bridge  construction. 

Explosions  are  often  caused  by  corrosion.  Riveted  boiler 
explosions  have  been  known  to  result  from  stress  corrosion 
or  "caustic  embrittlement".  Tbe  use  of  welded  pressure 
vessels  has  substantially  reduced  danger  from  these  catas- 
trophic failures.  However,  they  still  occur  in  some  circum- 
stances. Explosions  have  also  caused  damage  and  serious 
injury  when  gas  leaks  from  pipeline  corrosion  failures. 
Corrosion  of  underground  tanks  at  filling  stations  have  re- 
sulted in  explosions  when  gasoline  leaked  into  sewage  lines. 
Explosions  are  always  a danger  where  fuels  are  bandied  or 
stored,  but  corrosion  control  can  help  to  make  many  of  them 
unnecessary. 

These  examples  indicate  that  corrosion  control  may  be  neces- 
sary because  of  hazards  even  when  it  is  not  economically 
Justifiable.  Some  of  tbe  facilities  coming  under  this 
classification  include: 


a.  Pipelines  handling  gas,  propane,  and  butane 

b.  Buried  tanks  handling  liquid  and  gaseous  fuels 

c.  Tanks  and  pipelines  handling  jet  fuel  and 
aviation  gasoline 

d.  Fuel  oil  pipelines  and  tanks 

e.  Rocket-propellant  stprage  facilities 

f.  Hydraulic  elevators  and  lifts. 

2.4  GOVERNMENT  REGULATIONS.  The  United  States  Depart- 
ment of  Transportation  has  sot  minimum  federal  safety  stand- 
ards concerning  corrosion  control  for  the  transportation  of 
certain  liquids  and  of  natural  and  other  gas  by  pipeline. 
These  standards  apply  only  to  interstate  and  foreign  com- 
merce of  hazardous  liquids  and  to  gas  company  distribution 
and  transmission  lines  within  the  outer  continental  shelf. 
They  are  an  excellent  guideline  for  corrosion  control  of 
underground  structures  in  general. 

These  regulations  (Appendix B.)  require  the  use  of  external 
coatings  of  good  quality,  the  installation  and  inspection  of 
cathodic  protection  systems,  the  installation  of  test  leads 
for  stray  current  control,  and  the  proper  application  of 
electrical  insulation  where  necessary.  In  addition,  steps 
must  be  taken  to  mitigate  internal  corrosion  of  pipelines, 
and  an  evaluation  of  atmospheric  corrosion  of  above-ground 
lines  must  be  included  in  the  test  program. 

In  addition,  State  governments  have  set  up  local  safety 
requirements  which  may  be  more  rigid  than  federal  standards. 
These  regulations  vary  from  state  to  state  but  also  serve  as 
a guideline  to  insure  proper  safety  standards , even  when 
they  do  not  legally  apply. 

2.5  ECONOMIC  CONSIDERATIONS.  Once  the  three  previously 
discussed  considerations  have  been  taken  into  account,  the 
economics  of  corrosion  control  can  be  determined.  In  order 
to  accomplish  this,  costs  of  corrosion  losses  must  be  com- 
pared to  costs  of  the  various  methods  of  corrosion  control. 

The  types  of  corrosion  costs  that  must  be  considered  include 
direct  loss  or  metal  structure  damage  as  a result  of  cor- 
rosion, direct  maintenance  costs  attributed  to  corrosion, 
increased  construction  costs  resulting  from  overdesign  to 
allow  for  corrosion  losses,  cost  of  lost  product,  downtime, 
and  the  costs  of  corrosion  control. 

The  various  methods  of  corrosion  control,  discussed  in 
Section  5»  include: 
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a.  selection  of  corrosion-resistant  materials 

b.  increased  material  thickness 

c.  coatings  and  coverings 

d.  catbodic  protection 

e.  anodic  protection 

f.  stray  current  control 

g.  improved  t '1  ectrical  grounding  methods 

h.  altering  the  metal's  environment 

i . inhibitors 

The  value  of  any  proposed  corrosion  control  is  determined  , 

by  balancing  installation,  operating  and  maintenance  costs  « 1 

of  the  program  against  costs  attributable  to  corrosion  with-  1 

out  preventive  measures.  J 

2.5.1  Leak  and  Failure  Records.  A comparison  of  failure 
rates  before  and  after  corrosion  mitigation  provides  a basis 
for  economically  justifying  corrosion  control.  Each  year's 
total  corrosion  failures  are  plotted  cumulatively  against 
time.  If  a logarithmic  scale  is  used  for  cumulative  failures, 
and  a linear  scale  is  used  for  time,  a straight  line  curve 
results.  This  curve  can  be  projected  into  the  future. 

Figure  2-2  is  an  example,  plotted  for  a large  pipeline  sys- 
tem. Here  a "break"  in  the  curve  occurred  after  corrosion 
control  (cathodic  protection,  in  this  case)  was  applied. 

Had  no  protection  been  employed,  leaks  would  have  continued 
along  the  original  projected  line.  Instead,  a sizable  fail- 
ure rate  reduction  resulted.  It  is  important  to  note  that 
cathodic  protection  and  other  means  of  corrosion  control, 
applied  to  an  existing  system,  do  not  replace  metal  already 
lost.  If  corrosion  has  proceeded  to  the  point  of  deep  pit- 
ting, some  pits  may  continue  to  fail  for  several  months.  A 
year  or  so  is  required  before  beneficial  effects  can  be  seen. 

Figure  2-3  shows  how  leak  rates  are  used  to  compare  several 
corrosion  control  methods.  Here  the  leak  rate  for  an  8- 
inch  underground  pipeline  has  been  converted  to  dollars,  and 
a linear  scale  is  used.  Several  types  of  cathodic  protection 
are  examined  here;  but  such  a comparison  would  be  equally 
valid  for  other  control  methods.  This  graph  indicates  also 
that  a structure's  service  life  is  important  in  studying  cor- 
rosion control  economics.  For  the  system  illustrated  in 
Figure  2-3,  economics  dictate  no  cathodic  protection  for  a 
design  service  life  of  10  years.  For  a 15-year  life,  deep 
anodes  would  be  most  economical  and,  for  25-years,  a distri- 
buted impressed  current  groundbed  would  be  chosen. 


6 


ToM  CwmdoHvTotkirt 


I (LAAGE  WffUNI  SYSTEM) 

} • 

i 


7 


2.5.2  Cost  Analyses.  Comparative  corrosion  and  corrosion 
control  costs  are  based  on  the  relative  capital  Investment 
and  operating  expenses  required  for  various  systems;  Mili- 
tary methods  employ  a discounted  cash  flow  technique  for 
comparing  relative  capital  and  annual  expenses.  This  type 
of  analysis  is  discussed  in  detail  in  APR  178-1  "Economic 
Analyses  and  Program  Evaluation  for  Resource  'lanaeoment”. 

The  example  given  here  illustrates  the  Present  Value  (dis- 
counting) technique  described  in  this  Regulation  and  is  also 
based  on  methods  outlined  in  NACE  Standard  RP-02-72. 

In  general,  expenses  for  corrosion  control  for  a military 
installation  with  a given  expected  life  can  be  broken  down 
into  capital  (those  which  occur  only  once  or  are  different 
each  year)  and  annual  (those  which  are  constant  for  a period 
of  years)  cash  flows.  Each  cost  is  discounted  using  stand- 
ard tables  (see  APR  173-1)  and  a 10$6  discount  rate.  The 
discounted  costs  are  then  summed  for  the  life  of  the  instal- 
lation and  compared  to  determine  the  most  favorable  economic 
alternative. 

Project  design  life  for  military  Installations  must  conform 
to  the  economic  life  schedule: 

(1)  Utilities,  Plants,  and  Utility  Distribution 
Systems  - 25  years. 

(2)  Buildings  - 25  years. 

(3)  Operating  Equipment  - 10  years. 

Underground  and  underwater  corrosion  systems  generally  fall 
in  the  first  category. 

It  Is  Important  to  remember  that  factors  other  than  economics 
often  play  a most  important  role  in  determining  the  best  of 
several  alternatives.  Safety,  continuity  of  operation,  and 
the  other  factors  already  discussed  must  always  be  considered 
first,  before  an  economic  analysis  is  made. 

2. 5. 2.1  Cash  Flow.  Capital  and  annual  cash  flow  and 
some  of  the  various  Items  to  be  considered  are  discussed 
here.  All  cost  estimates  are  made  without  consideration  of 
depreciation  or  inflation. 

a.  Capital  Cash  Flow.  Capital  expenditures  and 
credits  are  considered  at  the  time  which  they  occur  ant'  are 
discounted  accordingly.  Initial  investment,  replacement 
costs,  and  salvage  value  are  typical  examples  of  capital 
cash  flow.  Initial  Investment  occurs  at  year  "0".  Replace- 
ment costs  may  occur  once,  several  times,  or  not  at  all  dur- 
ing installation  life.  Salvage  value  is  the  estimate  of  in- 
stallation worth  at  time  of  replacement  or  end  of  installa- 
tion life. 

b.  Annual  Cash  Plow.  Operating  and  maintenance  costs 
are  the  generally  considered  annual  expenses;  these  are  esti- 
mated at  a constant  amount  per  year  and  discounted  according- 
ly. Operating  costs  include  such  items  as  labor. 
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management,  engineering  and  materials  required  on  an  annual 
basis  for  operations.  Maintenance  costs  are  those  required 
to  keep  the  facility  in  good  operating  order.  These  costs 
can  be  estimated  on  a yearly  basis,  excluding  such  things 
as  major  replacements  which  occur  only  every  several  years 
or  so.  Major  replacements  are  considered  under  capital 
costs  in  the  year(s)  in  which  they  are  predicted  to  occur. 

2. 5. 2. 2 Illustration.  The  following  example  illustrates 
the  method  employed  by  the  Military  for  comparative  economic 
analysis.  This  example  is  based  solely  on  economic  consid- 
erations; in  reality,  the  other  justifications  for  corrosion 
control  must  also  be  analysed. 

An  eight-mile,  6-inch  diameter  pipeline  supplying  a fluid  to 
an  Army  installation  is  considered  for  four  different  opera- 
ting conditions:  cost  of  bare  pipe,  cost  of  bare  pipe  cath- 

odically  protected,  cost  of  pipe  protected  with  coal  tar  and 
felt  wrap,  and  cost  of  pipe  protected  with  coal  tar,  felt- 
wrapped,  and  supplemented  with  cathodic  protection.  It  is 
further  assumed  that  most  of  the  pipe  passes  through  low 
resistivity  swampland  where  the  useful  life  of  bare  steel 
pipe  is  approximately  12.5  years  due  to  the  high  corrosion 
rate.  This  example  is  intended  to  illustrate  the  method  of 
economic  analysis  and  not  to  imply  that  the  method  of  cor- 
rosion control  determined  optimum  for  this  Installation  is 
necessarily  always  the  most  economical, 
a.  Case  1:  Bare  pipe. 

Based  on:  12.5  year  life,  25  year 

economic  life.  Total  of  128 
leaks  in  25  years.  Discount 
rate  is  10# . 

(1 ) Capital  cash  flow 

Present 

Cash  Plow  Worth 

(a)  Cost  of  pipe,  installed,  -$44o,000  -$440, 000 
year  "0" 

(b)  Replacement  cost,  year  - $440,000  -$140,000 
12.5 

(c)  Salvage  value, years 

12.5  or  25  0 0 

Total  Capital  - $380,000 

(2 ) Annual  cash  flow  


(a)  Leak  repair  and  main- 
tenance  ($200/leak) 

(b)  Average  cost  of  product  -$ 
lost  from  leaks 

Total  Annual 


Present 

Cash  Flow  Worth 


280  -$  2,500 


Total  Discounted  Cash  Flow  - 


-$591,800 
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Case  2:  Bare  pipe,  with  cathodic  protection. 

Based  on  25  year  pipe  life;  12.5  year 
cathodic  protection  system  life;  25  year 
economic  life.  Total  of  50  leaks  in  25 
years.  Discount  rate  is  lo£. 

(1)  Capital  cash  flow 

Present 

Cash  Plow  Worth 

(a)  Cost  of  pipe  installed,  -$44C,6oO  -$440,doO 

year  0. 

(b)  Cost  of  cathodic  protec-  -$  50*000  -$  50,000 

tion  installed,  year  0. 

(c)  Cathodic  protection  re-  -$  70,000  -$  22,300 

placement,  year  12.5. 

(d)  Salvage  value  of  pipe,  0 0 

year  25. 

(e)  Salvage  value  of  cathodic  0 0 

protection,  years  12.5  or 

25.  

Total  Capital  -12EE[ 

(2)  Annual  cash  flow  Present 


(2)  Annual  cash  flow  Present 

Cash  Plow  Worth 

(a)  Leak  repair  and  main-  40o  -$  3,600 

tenance 

(b)  Average  cost  of  product  -$  110  -$  1,000 

lost  from  leaks 

(c)  Electrical  power  for  -$  900  -$  8,200 

rectifiers 

(d)  Other  cathodic  protection^  2,500  -$  22,700 

annual  operating  costs 

and  maintenance  

Total  Annual  - $ 35,5 

(3)  Total  Discounted  Cash  Plow 


22,700 


e.  Case  3.  Pipe  coated  with  coal  tar  enamel  and 
wrapped . 

Based  on  15  year  coated  pipe  life,  25 
year  economic  life.  Total  of  35  leaks 
in  25  years.  Discount  rate  is  10$. 

(1)  Capital  cash  flow 

Present 

Cash  Plow  Worth 

(a)  Cost  of  coated  and  -$515, Ooo  -$$15,0(50 

wrapped  pipe,  installed, 

year  0. 

(b)  Replacement  of  pipe,  -$515,000  -$123,000 

year  15. 

(c)  Salvage  value  of  pipe,  +$171,000  +$  15,800 

year  25.  (Straight-line 

depreciation) 

Total  Capital  -$622,260 

(2 ) Annual  cash  flow 

Present 

Cash  Plow  Worth 

(a)  Leak  repair  and  300  -$  2,700 

maintenance 

(b)  Average  cost  of  product  - $ 77  -$  700 

Total  Annual  ^"15  3,^00 

(3)  Total  Discounted  Cash  Plow -S625-600 


d.  Case  4. 


Pipe,  coated  as  in  Case  3,  with  cathodic 
protection. 

Based  on  25  year  pipe  life,  25  year  cath- 
odic protection  system  life,  25  year 
economic  life.  Total  of  15  leaks  in  25 
years.  Discount  rate  is  10$6. 


(1)  Capital  cash  flow 


(a)  Cost  of  coated  and 
wrapped  pipe,  installed, 
year  0. 

(b)  Cost  of  cathodic 
protection  installed, 
year  0. 

(c)  Salvage  value  of  pipe, 
year  25. 

(d)  Salvage  value  of  cathodic 
protection5  year  25. 

Total  Capital 


Cash  Plow 

-$5157533“ 


Present 

Worth 

-$515,060 


-$  12,000  -$  12,000 


0 

0 


(2)  Annual  cash  flow 


ft) 

6) 


Cash  Plow 


0 

0 

-$5277007 


Present 

Worth 


Leak  repair  and  -1 

r~ 

"T33" 

r 

1,560 

Average  cost  of  product  -! 
lost  from  leaks 

E 

30 

A 

E 

* 

300 

Annual  maintenance 

140 

-< 

1,300 

Electrical  power  for 
rectifiers 

E . 

100 

_ < 
1 

E 

900 

Other  cathodic  protection-? 

500 

-$ 

4,500 

operating  and  maintenance 
(3)  Total  Discounted  Cash  Flow 


87233" 

-<>535*200 


e.  Comparison  of  Results 


Case  one 
Case  two 
Case  three 
Case  four 


Total  Cost 

! 5517837  " 
547,800 
625,600 
535,200 


Prom  this  analysis  wc  find  that  Case  4 is  the  most 
economical  for  the  25-year  life  required.  Therefore,  the 
pipe  should  be  coated,  wrapped,  and  cathodically  protected. 


3 

3 


i 


1 


SECTION  3 - COEROSION  THEORY 


3.1  CORROSION  DEFINED.  The  National  Association  of  Cor- 
rosion Engineers  (NACE)  has  recently  defined  corrosion  as: 

"The  deterioration  of  a material,  usually  a metal, 
because  of  a reaction  with  its  environment." 

Although  many  other  definitions  are  available  and  accept- 
able, this  is  especially  current,  because  it  takes  into 
account  the  increasing  use  of  non-metals  as  materials  of 
construction.  Non-metals  corrode,  too,  and  will  be  consid- 
ered along  with  the  traditional  subject  of  metallic  cor- 
rosion. 

Metallic  corrosion  is  a natural  phenomenon.  Metals  rarely 
occur  in  nature  in  their  pure  form,  and  corrosion  is  essen- 
tially the  tendency  of  a refined  metal  to  return  to  its 
natural  state  as  an  ore.  Iron,  for  example,  "rusts"  to 
form  the  familiar  iron  oxide  compound,  one  form  of  which  is 
a main  constituent  of  iron  ore. 

This  tendency  of  metals  to  revert  to  their  natural  state  is 
related  to  the  release  of  energy  originally  stored  up  when 
metallic  ore  was  refined  to  the  pure  metal.  The  metal  sta- 
bilizes itself  by  releasing  this  energy  and  returning  to  its 
natural  form,  i.e.  by  corroding.  The  amount  of  energy  re- 
leased by  this  process  and,  hence,  the  inherent  tendency  to 
corrode  is  different  for  each  metal.  The  relative  tendency 
of  various  metals  to  corrode  will  be  discussed  later,  in 
paragraph  3.4,  covering  the  electromotive  series. 

3.2  ELECTROCHEMICAL  ACTION.  Electrochemical  corrosion  - 
a chemical  reaction  accompanied  by  D.C.  electrical  current 
flow  - was  traditionally  taken  to  be  the  only  form  of  cor- 
rosion. Metals,  for  the  most  part,  corrode  electrochemic- 
ally,  but  a broader  definition  includes  deterioration  due  at 
least  in  part  to  chemical  or  physical  causes. 

3.2.1  Ions  and  Ionization.  A prerequisite  of  understand- 
ing the  mechanism  of  electrochemical  action  is  some  know- 
ledge of  the  structure  of  matter.  Of  particular  inter- 
est are  ions  (electrically  charged  atoms  or  molecules)  be- 
cause the  production  of  ions  provides  the  means  whereby  a 
metal  changes  from  a metallic  form  to  a corroded  form  in  an 
aqueous  solution. 

All  matter  is  made  up  of  atoms.  Each  atom,  in  turn?  is  made 
of  a nucleus,  which  contains  a given  number  of  particles  of  j 

unit  positive  eharp,e  (protons),  surrounded  t>y  particles  of 

unit  negative  chui’ge  (electrons)  of  like  number.  Knob  posi-  j 

tive  charge  balances  a negative  charge  so  that  the  atom  ; 
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it3elf  is  electrically  neutral.  For  example,  hydrogen,  ar 
element  which  plays  an  important  part  in  many  corrosion  re- 
actions, has  only  one  proton  in  the  nucleus  and  is  associ- 
ated with  a single  electron.  The  hydrogen  atom,  therefore, 
represents  the  simplest  form  of  element  construction.  See 
Figure  3-1  and  its  explanation. 


In  more  complex  atoms,  the  charges  are  greater  than  one; 
but,  in  each  case,  the  number  of  negatively  charged  elec- 
trons is  equal  to  the  number  of  positively  charged  protons 
in  the  nucleus.  If  one  or  more  of  these  electrons  are  re- 
moved from  any  atom,  the  remaining  electrons  will  not  be 
sufficient  to  neutralize  the  positive  charge  in  the  nucleus, 
and  the  residual  part  of  the  atom,  now  called  an  ion,  is 
positively  charged.  If  one  or  more  electrons  are  added  to 
a neutral  atom,  a negatively  charged  ion  results. 

Molecules  - groups  of  atoms  bonded  together  and  acting  phy- 
sically like  an  atom  - form  ions  in  the  same  way  as  atoms. 

In  addition,  molecules  produce  ions  as  a result  of  the  pro- 
cess known  as  dissociation.  Dissociation  is  merely  the 
breaking  up  of  a molecule  into  its  component  parts.  When 
this  occurs  while  the  molecule  is  dissolved  in  water  or  oth- 
er solvents,  the  component  parts  become  ions,  some  of  which 
carry  positive  charges  and  others,  negative  charges.  To  be 
more  specific,  there  will  always  be  in  an  aqueous  solution 
positively  charged  hydrogen  ions  (H+)  and  negatively  charged 
hydroxyl  ions  (OH-)  as  a result  of  the  dissociation  of  water 
(H2O).  There  may  be,  in  addition,  numerous  other  ions  which 
are  formed  as  a result  of  the  dissociation  of  dissolved 
acids,  bases,  and  salts.  Acids  dissociate  into  positively 
charged  hydrogen  Ions  and  negatively  charged  ions  of  some 
nonmetallic  atom  or  molecule.  Hydrochloric  acid  (HCl),  for 
example,  dissociates  into  hydrogen  ions  (H*")  and  chloride 
ions  (Cl-);  sulfuric  acid  (H0SO4)  dissociates  Into  hydrogen 
ions  (H4-)  and  sulfate  ions  (SO4  ).  Bases  or  alkalies  dis- 
sociate into  positively  charged  ions  of  a metal  or  metal- 
like molecule  and  negatively  charged  hydroxyl  ions. 

For  example,  caustic  soda  or  sodium  hydroxide  (NaOH)  dis- 
sociates into  sodium  ions  (Na+)  and  hydroxyl  ions  (0H~). 

It  is  to  be  noted  that  acids  always  yield  hydrogen  and  that 
alkalies  always  yield  hydroxyl  ions.  Salts,  which  are 
formed  as  a result  of  reactions  between  acids  and  bases, 
dissociate  Into  ions  of  the  nonmetallic  atom  or  molecule 
which  is  characteristic  of  the  acid  and  ions  of  the  metal 
or  metal-like  molecule  which  is  characteristic  of  the  base. 
Common  table  salt,  sodium  chloride  (NaCl),  dissociates  into 
sodium  ions  (Na+)  and  chloride  ions  (Cl“). 
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The  formation  of  ions  in  solution  is  also  a property  of 
metals,  although  a mechanism  different  from  dissociation 
applies . 
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EXPLANATION  OF  FIGURE  3-1 


1)  Each  neutral  atom  contains  a nucleus  composed  of  "n" 
positive  charges  (protons)  equal  in  number  to  the  atomic 
weight  and  the  same  number  of  electrons.  The  electrons  are 
negative  charges  dispersed  in  shells  (energy  levels)  around 
the  nucleus.  Each  shell  contains  no  more  than  a character- 
istic maximum  number  of  electrons.  Shown  here  are  the  K 
(maximum  2 electrons ),  L (maximum  8 electrons),  and  M 
(maximum  8 electrons)  shells.  If  all  the  shells  of  an  atom 
contain  these  maximum  numbers  of  electrons,  the  atom  is 
relatively  unreactive  or  "inert". 

2)  The  hydrogen  atom  (H)  consists  of  one  electron  in  the 
K shell  and  a nucleus  co.*caining  one  proton. 

3)  The  chlorine  atom  (Cl)  is  composed  of  a nucleus  con- 
taining 17  protons  surrounded  by  17  electrons.  The  K shell 
contains  2 electrons;  the  L shell,  8 electrons;  and  the  M 
shell,  7 electrons.  The  tendency  of  this  atom  is  to  gain 
an  electron  to  "satisfy"  its  M shell. 

4)  The  hydrogen  molecule  (fife)  consists  of  2 hydrogen 
atoms  whose  electrons  are  "shared",  forming  a bond  between 
the  atoms. 

5)  The  chlorine  molecule  (CI2)  is  composed  of  2 chlorine 
atoms,  sharing  one  electron  from  the  M shell  of  each  (2 
electrons  total).  In  this  way,  each  atom  has  essentially 

8 electrons  (including  the  shared  ones)  in  its  outer  M 
shell  and  is,  therefore,  satisfied. 

6)  The  hydrogen  Ion  (H+)  is  a hydrogen  atom  without  Its 
electron.  It  Is,  therefore,  positively  charged. 

7)  The  chlorine  ion  (Cl“)  is  a chlorine  atom  with  an 
extra  electron  in  its  M shell.  There  are  8 electrons  in 
its  M shell,  and  It  is,  therefore,  satisfied.  The  chlor- 
ine Ion  has  a net  negative  charge  due  to  the  additional 
electron. 

8)  Hydrogen  Chloride  (HC1,  also  known  as  hydrochloric 
acid)  consists  of  a hydrogen  ion  and  a chlorine  Ion,  bonded 
together  by  their  differences  of  charge  (opposite  charges 
attract).  Hydrogen  Chloride  is  an  "ionic"  compound,  unlike 
the  hydrogen  and  chlorine  molecules  which  are  referred  to 
as  "molecular"  compounds  because  they  share  electrons. 
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Metal  atoms  are  like  other  atoms  in  that  they  contain  a 
nucleus  of  a given  positive  charge  surrounded  by  a number 
of  electrons  totaling  the  same  charge.  However, Recording 
to  the  present  concept,  when  metal  atoms  unite  in  one  of 
the  familiar  metallic  solids,  the  atoms  do  not  remain  neu- 
tral; positive  ions  are  formed.  These  positive  ions  are 
bonded  together  by  the  electrons  left  over  from  the  neutral 
metal  atoms.  No  electron  is  held  by  any  one  ion;  instead 
the  electrons  form  a "cloud"  of  negative  charge  around  the 
positive  ions.  The  overall  metal  is  electrically  neutral; 
but  ions  form  the  basic  structure,  not  atoms. 

As  a result  of  the  unique  structure  of  metals,  when  a metal 
dissolves  in  an  aqueous  solution,  only  positive  ions  result. 
One  or  more  electrons  are  left  behind  on  the  parent  metal. 

It  is  this  process  which  takes  place  when  a metal  corrodes. 

3.2.2  Oxidation-Reduction  Reactions . Electrochemical  re- 
actions are  made  up  of  two  parts  - oxidation  and  reduction. 
Oxidation  occurs  when  electrons  are  produced;  reduction  is 
Indicated  when  electrons  are  consumed.  In  the  overall  re- 
action, the  number  of  electrons  produced  always  equals  the 
number  consumed;  there  is  never  an  accumulation  of  electrons 
at  any  point. 

Consider  the  example  of  zinc  metal  (Zn)  dissolving  in  hydro- 
chloric acid  (HC1).  The  reaction  products  of  this  electro- 
chemical reaction  are  the  soluble  salt  zinc  chloride  (ZnC^) 
and  hydrogen  gas  (H2).  The  overall  reaction  balanced  chem- 
ically is  written: 

Zn  + 2HC1  = ZnCl2  4-  H2  (l) 

Note  that  electrons  (e~)  do  not  appear  in  this  reaction.  In 
order  to  determine  the  number  of  electrons  transferred,  the 
individual  oxidation  and  reduction  reactions  are  examined. 
First,  the  problem  is  simplified  by  realizing  that  both  hy- 
drochloric acid  and  zinc  chloride  dissociate  in  aqueous  sol- 
ution: 

HC1  « H4-  + Cl~  (2) 

ZnCl2  = Zn++  + 2C1"  (3) 

Substituting  the  ions  for  the  molecules  in  reaction  (l),  one 
finds  the  chloride  ions  "cancel  out",  playing  no  important 
part  in  the  reaction: 

Zn  + 2H+  + 201~  - Zn++  + 201'  + H2  (4) 

Now  the  oxidation  reaction  is  seen  to  be  zinc  metal  dissolv 
ing  to  zinc  ions  and  electrons: 

Zn  = Zn++  + 2e"  (5) 

The  reduction  reaction  then  unites  hydrogen  ions  and  elec- 
trons to  produce  hydrogen  gas; 


•-‘ir4-  f :■<  " = n2 

For  every  zinc  atom  dissolved,  out*  hydrogen  mo  I «-<*n  Ic  I.:;  pro- 
duced  and  two  electrons  are  transferred.  Complicated  reac- 
tions involving  many  chemical  species,  also  occur,  but  any 
electrochemical  reaction  always  contains  oxidation  and  re- 
duction . 

3.2.3  The  Corrosion  Cell.  Because  metals  corrode  electro- 
chemically,  the  corrosion  process  can  be  divided  into  oxida- 
tion and  reduction  reactions.  These  reactions  take  place  at 
different  points  connected  together  electrically  to  allow 
the  electrons  produced  at  one  point  to  be  consumed  at  the 
other.  This  entire  electrical  circuit  is  the  corrosion  cell. 

3. 2. 3.1  Description.  The  corrosion  cell  is  made  up  of 

four  basic  parts : anode",  cathode,  electrolyte,  and  external 

electrical  path.  The  oxidation  reaction  (corrosion)  takes 
place  at  the  anode;  reduction  occurs  at  the  cathode.  Elec- 
trons flow  from  anode  to  cathode  in  the  external  electrical 
path.  The  electrolyte,  a fluid  or  solid  in  which  ions  move 
freely,  completes  the  circuit.  In  order  for  corrosion  of  a 
metal  to  occur,  all  four  parts  must  be  present. 

Again  consider  the  example  of  zinc  metal  dissolving  In  hydro- 
chloric acid,  this  time  in  somewhat  different  form  (Figure 
3-2).  The  zinc  metal  strip  Is  the  anode;  the  platinum  strip, 
the  cathode.  The  wire  connecting  the  two  metals  Is  the  ex- 
ternal electrical  path,  and  the  hydrochloric  acid.  In  which 
the  two  metals  are  partially  submerged,  is  the  electrolyte. 
Oxidation  occurs  at  the  zinc  anode.  Zinc  ions  go  into  solu- 
tion and  electrons  travel  through  the  external  wire  path  to 
the  platinum  cathode.  Here  reduction  occurs  as  the  elec- 
trons on  the  cathode  surface  combine  with  the  hydrogen  ions 
in  the  electrolyte  to  form  hydrogen  gas.  In  the  electrolyte 
there  is  a net  motion  of  positive  Ions  toward  the  cathode 
and  negative  ions,  toward  the  anode.  As  before,  one  zinc  Ion 
Is  produced  (at  the  anode)  for  each  molecule  of  hydrogen  gas 
produced  (at  the  cathode). 

Moving  charges,  whether  electrons  or  ions,  constitute  an 
electrical  current.  By  Ohm's  law,  a voltage  or  potential 
gradient  causes  a current  flow.  A potential  gradient  in  a 
metal  causes  electron  transfer.  A potential  gradient  in  an 
electrolyte  causes  ion  transfer.  By  definition,  current 
flow  is  in  the  direction  positive  charges  move;  that.  Is, 
opposite  the  direction  of  electron  or  negative  ion  flow.  It 
is  the  potential  gradient  between  the  anode  and  cathode  that 
results  in  current  flow  in  a corrosion  cell. 

3. 2. 3. 2 Electrolytes . The  electrolyte  in  a corrosion 
cell  differs  from  the  three  metallic  parts,  because  elec- 
trons do  not  use  it  as  a path.  Instead,  ions  are  the  charge 
carriers. 
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Figure  3-2 

THE  BASIC  CORROSION  CELL 


a.  Importance  of  Electrolytes.  An  electrolyte  Is  a 
substance  such  as  water  or  soil  which  serves  as  a medium  for 
the  flow  of  an  electric  current  between  anode  and  cathode 
areas  of  an  active  corrosion  cell.  Corrosion  of  metals  can- 
not take  place  except  in  the  presence  of  a suitable  electro- 
lyte. Electrolytes  are,  therefore,  important  and  should  be 
better  understood  In  order  to  comprehend  the  process  of  cor- 
rosion . 

The  conductivity  of  <-n  electrolyte  depends  upon  the  presence 
of  ions.  When  the  total  number  of  positive  charges  in  an 
electrolyte  is  equal  to  the  total  number  of  negative  charges, 
the  electrolyte  is  considered  to  be  In  a state  of  equilibri- 
um. Now,  if  metal  ions  from  a corroding  metal  such  as  zinc 
(Zn++)  go  into  solution,  the  electrochemical  neutrality  of 
the  electrolyte  becomes  unbalanced  because  an  equal  number 
of  negatively  charged  Ions  are  riot  added  at  the  came  time. 

In  order-  to  r-ectorv  the  balance.  It  Is  Decennary  to  do  one 
of  two  things:  either  add  an  equivalent  number  of 
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riogat. Ivo 1;/  Ion::  to  match  tho  zinc  lonsj  (Zn++),  or 

an  equal  number  of  positive  charges  must  be  displaced  from 
the  solution  (electrolyte).  It  is  the  latter  which  is  con- 
sidered here,  because  it  is  the  one  which  is  encountered  in 
electrochemical  corrosion  reactions.  The  ions  displaced  may 
be  those  of  another  metal  but,  in  most  cases,  it  is  the  ele- 
ment hydrogen  combined  to  form  hydrogen  gas. 

The  ability  of  an  electrolyte  to  oppose  the  flow  of  electric 
current  is  expressed  in  corrosion  terminology  as  the  electri- 
cal resistivity  of  an  electrolyte.  It  is  usually  computed 
in  ohms  resistance  for  1 square  centimeter  of  cross  section 
and  1 centimeter  length  of  the  electrolyte.  The  resistivity 
of  the  electrolyte  is  commonly  expressed  as  ohm-cm.,  and  will 
be  used  in  this  form  throughout  the  text.  A low  resistivity 
indicates  that  the  electrolyte  is  a good  conductor  of  elect- 
ricity, whereas  a high  resistivity  indicates  that  the  electro- 
lyte is  a poor  conductor  of  electricity. 

b.  Soil  as  an  Electrolyte. 

(1)  Characteristics.  Soils  vary  widely  in  physical 

and  chemical  characteristics  which  in  turn  affect  their  cor- 
rosivity towards  metals.  The  Department  of  Agriculture  rec- 
ognizes several  soil  groups,  which  are  divided  into  some 
three  thousand  soil  series,  most  of  which  have  at  least  three 
horizons  or  layers,  differing  in  physical  and  chemical  prop- 
erties. The  name  of  a soil  is  divided  into  two  parts:  the 

first  Indicating  the  series  to  which  the  soil  belongs,  and 
the  second,  the  texture  of  the  uppermost  soil  layer.  The 
texture  of  the  upper  layer  is  determined  by  the  percentage 

of  various  size  particles.  The  size  particles  In  soils  are 
classified  as  those  having  diameters  of  two  or  more  milli- 
meters and  those  having  diameters  of  less  than  two  milli- 
meters, such  as  clay  and  silt.  In  general,  the  term  soil  is 
applied  to  the  first  few  feet  of  finely  divided  material  on 
the  surface  of  earth  which  at  one  time  was  solid  rock. 

Soils  consist  essentially  of  four  types  of  substances: 
mineral  matter,  organic  matter,  water,  and  ai1”. 

(2)  Effect  of  Moisture.  The  moisture  content  of  a 
soil  greatly  affects  Its  corrosivity.  This  is  due  to  the  de- 
crease in  the  resistivity  with  the  Increase  In  moisture  con- 
tent up  to  a point  near  saturation.  It  should  be  remembered 
that  it  is  the  ion  content  of  the  electrolyte  that  determines 
the  resistance  to  the  flow  of  an  electric  current.  The  graph 
in  Figure  3-3  illustrates  the  change  in  resistivity  with  the 
change  in  moisture  of  a specific  clay  soil.  With  only  5 per- 
cent moisture,  the  resistivity  was  1,200,000  ohm-cm.  and 
with  a moisture  content  near  20  percent,  the  resistivity 
dropped  to  5000  ohm-cm.  Any  increase  in  moisture  content 
beyond  20  percent  did  not  appreciably  affect  the  resistiv- 
ity. 
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Other  types  of  soils  yield  similar  curves  but  the  lowest 
resistivity  point  may  vary  depending  on  the  constituent 
salts. 

(3)  Effect  of  Aeration.  In  well-aerated  soils, 
the  iron  compounds  are  oxidized  to  the  ferric  state  Fe(OH)o. 
These  soils  have  a red  or  yellow  color.  In  poorly  aerated0 
soils,  due  to  the  low  oxygen  content,  the  soils  are  generally 
gray  in  color,  indicating  the  presence  of  reduced  forms  of 
iron. 

Size  of  soil  particles  has  a definite  relation  to  aeration 
and  ability  of  soils  to  retain  moisture.  Difference  in  size 
of  soil  particles  may  cause  the  formation  of  concentration 
cells.  Metals  in  well-aerated  soils  (larger  soil  particles) 
will  be  cathodic  to  metals  in  poorly-aerated  soils  (finer 
soil  particles),  (paragraph  4.3.2.). 

Aeration  factors  are  those  that  affect  the  access  of  oxygen 
and  moisture  to  the  metal  and  thereby  affect  the  corrosion. 
Oxygen  can  be  from  either  atmospheric  sources  or  from  the 
reduction  of  salts  or  compounds.  This  oxygen  may  tend  to 
stimulate  or  retard  the  corrosion  process,  the  quantity 
being  the  control- 
ling factor.  Oxy-  
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EFFECT  OF  MOISTURE  CONTENT 
ON  RESISTIVITY  OF  A CLAY  SOIL 


corrosion  will  proceed  at  a minimum  rate.  Some  specific 
examples  illustrate  the  effects  of  well-aerated  and 
poorly -aerated  soils. 

(a)  On  tanks  or  pipelines,  the  upper  portion  of 
the  structure  usually  is  in  well-aerated  soil,  whereas  the 
lower  portion  is  in  poorly-aerated  soil.  This  causes  the 
bottom  of  the  structure  to  corrode  due  to  the  formation  of 
a differential  oxygen  cell  with  the  anode  on  the  bottom 
(paragraph  4.3.2). 

(b)  In  cross-country  pipelines,  a different  type 
aeration  cell  is  formed.  Soils  in  the  open  are  more  aerated 
than  in  compacted  areas  as  highway  and  railroad  beds.  Pipe- 
lines exposed  to  such  variations  will  generally  corrode  more 
readily  under  compacted  areas  because  of  the  difference  in 
aeration. 

(4)  Soil  Classification.  Soils  are  classified  ac- 
cording to  physical  and  chemical  characteristics  rather  than 
from  their  geologic  origin  or  geographic  location.  There 
are  two  general  classifications  in  the  United  States,  those 
in  which  lime  accumulates  in  the  subsoil  and  those  in  which 
it  does  not.  The  lime -forming  soils  lie  west  of  a line  from 
northwestern  Minnesota  to  a point  on  the  Gulf  of  Mexico  100 
miles  north  of  the  Mexican  border.  East  of  this  line  the 
non-llme-forming  soils  predominate.  For  further  information, 
see  reference  1. 

Soils  can  further  be  classified  into  resistivity  ranges  In 
ohm-cm. , such  as  shown  in  Table  3-1.  The  corrosion  activity 
Indicated  In  this  chart  excludes  such  factors  as  stray  cur- 
rent or  galvanic  cells  which  could  change  the  values. 

Table  3-1 


Resistivity 

Classification 


Resistivity  Range 
ohm- cm. 


Anticipated 
Corrosion  Activit 


Low 

Medium 

High 

Very  High 


0 to  2,000 

2.000  to  10,000 

10.000  to  30,000 
Over  30,000 


Severe 

Moderate 

Mild 

Unlikely 


c.  Water  as  an  Electrolyte. 

(l)  Fresh  Water 

(a)  Effect  of  Dissolved  Solids.  The  most  fre- 
quent contact  with  dissolved  solids  is  that  found  in  natural 
waters.  Water  In  nature  is  never  really  pure.  Ever  when  It 
falls  from  the  clouds  in  its  purest  natural  state,  it  con- 
tains some  dissolved  dust  and  gases,  plus  suspended  matter. 
After  It  has  run  over  the  surface  of  the  ground  or  percolated 
through  soil  or  rock  layers,  Its  impurities  have  greatly 


increased  because  water  is  practically  a universal  solvent 
and  dissolves  a little  of  everything  it  touches. 

In  natural  fresh  water,  the  relative  average  order  of  oc- 
currence of  alkaline  minerals  is  calcium,  sodium,  magnesium, 
and  potassium.  Silica  is  a constituent  of  all  natural 
waters.  In  surface  waters,  it  ranges  from  less  than  2 
parts  per  million  to  over  60  parts  per  million.  In  ground 
waters,  it  ranges  from  about  2 parts  per  million  to  about 
110  parts  per  million.  These  figures  are  for  domestic 
waters.  Highly  mineralized  waters  have  a higher  silica  con- 
tent. Silica  makes  water  harmful  and  dangerous  to  steam 
boilers,  since  it  precipitates  and  forms  a hard,  glassy 
coating  on  inside  surfaces. 

Water  hardness  refers  to  the  content  of  salts  of  calcium 
and  magnesium.  It  is  usually  expressed  as  an  equivalent 
concentration  of  calcium  carbonate  and  may  vary  from  10  to 
1800  parts  per  million.  Hardness  is  generally  considered 
objectionable,  since  it  forms  scale  and  interferes  with  dyes 
and  soaps.  However,  in  some  water-treatment  plants,  cal- 
cium and  magnesium  salts  are  aided  to  water  to  control  inter- 
nal corrosion. 

(b)  Effect  of  Dissolved  Gases.  Sources  of  nat- 
ural water  are  wells,  springs,  ponds,  and  the  like,  all 
depending  on  rain  water.  As  rain  falls  through  the  air, 
each  drop  absorbs  gases,  and  additional  gases  are  absorbed 
as  the  water  passes  through  streams,  rivers,  and  waterfalls 
on  its  way  to  the  sea.  The  most  significant  of  these  gases 
are  oxygen,  carbon  dioxide,  and  hydrogen  sulfide. 

Oxygen  is  an  extremely  active  element,  attacking  some  metals 
strongly.  Oxygen  also  acts  as  a cathodic  depolarizer  by 
precipitating  metal  ions  out  of  solution,  permitting  more 
metal  Ions  to  enter  Into  solution  and  also  by  combining 
with  hydrogen  films  on  metal  surfaces,  thereby  exposing  the 
metal  to  direct  contact  with  water.  One  of  the  most  vulner- 
able structural  metals  is  steel.  In  the  presence  of  free 
oxygen,  a film  of  reddish  brown  ferric  oxide  quickly  forms. 
This  is  the  familiar  "rust"  that  everyone  has  observed. 

Rust  on  the  inside  of  water  pipes  is  apt  to  flake  off, 
which  leaves  fresh  metal  exposed  to  attack  by  oxygen  and 
also  leads  to  clogging  of  the  pipe  where  the  cust  flakes 
may  accumulate.  This  corrosion  is  proportional  to  the  dis- 
solved oxygen  content  and  also  to  the  temperature. 

Hydrogen  sulfide  gases  are  also  found  in  some  water  that  is 
distasteful  for  drinking  purposes;  they  are  corrosive  to 
most  metals  and  are  objectionable  for  this  reason.  Free 
carbon  dioxide  gas  is  also  found  in  most  natural  waters. 

In  surface  waters,  the  content  is  usually  low.  In  some 
rivers  it  can  at  times  reach  50  parts  per  million.  In 
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ground  waters,  carbon  dioxide  ranges  from  zero  to  concen- 
trations so  high  that  they  cause  the  water  to  bubble  when 
the  pressure  is  released.  Waters  derive  their  carbon  diox- 
ide content  from  various  sources.  Carbon  dioxide  is  also 
formed  when  bicarbonates  are  decomposed. 

Carbon  dioxide,  associated  with  oxygen,  can  cause  serious 
corrosion  in  a boiler.  It  either  enters  the  system  as  free 
carbon  dioxide  gas  in  the  raw  make-up  water  or  is  generated 
in  the  boiler  by  the  decomposition  of  carbonates  and  bicar- 
bonates of  sodium,  calcium,  and  magnesium. 

(c)  The  pH  Range.  Natural  waters  found  in  soils 
and  rivers  usually  range  in  pH  from  six  to  eight. 

(d)  Resistivity  Range.  The  resistivity  of  nat- 
urally fresh  water  usually  varies  from  3 00  to  20,000  ohm- 
cm. 

(2)  Sea  Water.  Sea  water  is  characterized  by  the 
presence  of  dissolved  salts,  principally  sodium  chloride. 
Since  most  of  these  salts  are  chemically  neutral,  the  pH 
of  salt  water  is  in  about  the  same  range  as  that  of  fresh 
water,  but  is  most  often  greater  than  7.  Resistivity,  how- 
ever, is  different.  It  may  be  as  low  as  15  ohm-cm.  in 
tropical  waters  or  as  high  as  40  ohm-cm.  These  low  values 
offer  little  resistance  to  the  flow  of  electric  currents; 
therefore,  sea  water  is  conducive  to  corrosion. 

3. 2. 3- 3 Anodic  and  Cathodic  Processes.  The  example  cf 
a corrosion  cell,  given  earlier,  indicated  three  distinct 
pieces  of  metal  (zinc,  platinum,  and  connecting  wire)  as 
the  anode,  cathode  and  electrical  path.  However,  it  would 
have  been  equally  correct  to  show  one  piece  of  metal,  con-  - 
taining  all  three  parts  of  the  cell.  A piece  of  iron,  in 
low  resistivity  soil  for  example,  corrodes  even  when  not  in 
contact  with  other  metals.  Here,  certain  well-defined  areas 
(anodic  and  cathodic)  exist  on  the  surface  of  the  metal. 

At  the  anodic  areas,  metal  goes  into  solution  as  positive 
ions;  at  the  cathodic  areas,  a reducing  action  takes  place 
which  usually  does  not  Involve  the  metal.  The  remainder  of 
the  metal  acts  as  the  path  for  electron  transfer.  The  four 
distinct  parts  of  the  cell  still  exist,  but  three  of  them 
are  located  on  the  same  piece  of  metal. 

The  reason  for  a corrosion  cell's  existence  on  a single 
piece  of  metal  in  an  electrolyte  is  the  same  as  for  a bi- 
metal corrosion  cell  - a voltage  or  potential  difference 
exists  between  anode  and  cathode  causing  electrical  charge 
to  move.  If  there  were  no  potential  difference  between  the 
two  electrodes,  no  anode  and  cathode  areas  would  exist; 
hence,  no  corrosion.  This  can  be  explained  in  terms  of 
solution  pressure  and  osmotic  pressure. 


Each  metal  has  a definite  solution  pressure.  This  is  the 
measure  of  the  tendency  of  the  metal  to  pass  into  aqueous 
solution  in  the  form  of  ions.  It  is  opposed  by  the  osmotic 
pressure  of  metal  ions,  which  tends  to  drive  them  out  of 
solution  and  deposit  them  on  the  metal.  When  a metal  is  im- 
mersed in  an  aqueous  solution  of  one  of  its  salts,  solution 
potential  of  the  metal  (P)  tends  to  increase  the  number  of 
ions  in  the  solution.  On  the  other  hand,  the  osmotic  pres- 
sure of  the  ions  (p)  tends  to  decrease  the  number  of  ions. 
With  an  active  metal  such  as  zinc,  (P)  is  greater  than  (p). 
Under  this  condition,  positively  charged  ions  go  into  solu- 
tion and  electrons  are  produced.  When  the  solution  pressure 
equals  the  osmotic  pressure,  no  further  ionic  change  will 
occur  and  no  potential  is  developed.  When  (p)  is  greater 
than  (P)  as  in  the  case  of  copper  and  the  more  noble  metals 
in  a solution  of  their  salts,  ions  of  the  metal  are  depos- 
ited, consuming  electrons.  The  solution  in  the  vicinity  of 
the  electrode  becomes  charged  by  the  corresponding  negative 
ions . 

a.  Area  Effect.  Corrosion  of  a metal  takes  place 
where  current  leaves  the  surface  and  enters  into  the  elec- 
trolyte. Total  current  leaving  the  anode  surface  exactly 
equals  the  total  current  entering  the  cathode  surface. 

Thus,  for  a given  cathode  area  and  amount  of  current,  any 
size  anode  of  a certain  metal  will  lose  the  same  weight  of 
metal  to  corrosion.  Also,  the  larger  the  cathode-to-anode 
area  ratio,  the  greater  the  corrosion  per  unit  area  of 
anode.  This  concept,  very  important  in  corrosion  control, 
is  the  area  effect.  It  implies  that  the  smaller  the  anode, 
the  higher  the  corrosion  rate. 

b.  Electrochemical  Equivalents.  Dissimilar  metals, 
when  coupled  together  in  a suitable  environment,  will 
corrode  according  to  Faraday's  law;  that  is,  it  requires 
96,500  coulombs  or  26.8  ampere-hours  to  remove  1 gram- 
equivalent  of  the  metal.  At  this  rate,  the  amount  of  metal 
removed  by  a current  of  1 ampere  flowing  for  one  year  Is 
shown  on  Table  3-2 . 
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Table  3-2 

Electrochemical  Equivalents  of  Some  of  the  Common  Metals 


Metals 


Pounds  Loss  per  Amp-Year 


Iron  (Fe++) 
Aluminum  (A1 1 1 1 ) 
Lead  (Pb++) 
Copper  (Cu++) 
Zinc  (Zn4"1^ 
Magnesium  (Mg'") 
Nickel  (Ni++) 

Tin  (Sn++) 

Silver  (Ag+) 
Carbon  (C+++f) 


20.1 

6.5 

74.5 
22.8 

23.6 
8.8 


21.1 

42.0 

77.6 

2.2 


c.  Some  Typical  Reactions.  The  example  of  zinc  cor- 
roding in  acid  solution  and  producing  hydrogen  is  a simpli- 
fied situation.  Often,  several  reactions  occur  at  the  cath 
ode,  while  at  the  anode,  metal  ions  form  corrosion  products 
instead  of  merely  dissolving. 


Iron  (Fe)  forming  rust (Fe(0H)3 ) in  water  (H2O)  containing 
dissolved  oxygen  (O2)  may  involve  a number  of  reactions. 


(1)  Overall  reaction 

4 Fe  + 302  + 6H20  = 4Fe(OH)3 

(2)  Electrolyse  dissociation 
O2  + HpO  — Oo  + H*  + OH- 

(3)  Anode  reactions 
Fe  = Fe+++  2e“ 

Fe++  + 2 (OH)  = Fe(0H)2  (ferrous  hydroxide) 
4Fe(0H)2  + 02  + 2H20  = 4Fe(OH)3 

(4)  Cathode  reactions 
2H+  + 2e“  = Hg 

02  + 4H*  + 4e~  = 2H20 
2HQ  + 02  » 2H20 


Additional  reactions  take  place,  particularly  in  the  pres- 
ence of  sufficient  oxygen.  Oxygen  promotes  corrosion  by 
converting  ferrous  iron  to  the  less  soluble  ferric  iron 
(rust).  This  rust  may  form  away  from  or  next  to  the  iron 
surface,  depending  on  several  factors  including  alkalinity 
and  oxygen  content.  When  the  rust  film  forms  on  the  iron 
surface,  it  becomes  cathodic  to  an  unrusted  metal  surface; 
the  unrusted  surface  becomes  anodic  and  goes  into  solution. 
Thus,  the  oxygen  content  of  any  solution  is  an  important 
factor  in  the  rate  of  corrosion.  In  the  absence  of  oxygen 
or  some  oxidizing  agent  (agent  which  behaves  as  oxygen  in 
removing  electrons  from  an  element),  corrosion  may  cease. 

Some  other  positive  ions,  which  take  part  In  reactions  at 
the  cathode,  are  calcium  and  magnesium.  They  form  bases, 
resulting  in  an  alkaline  condition  at  the  cathode.  Under 
certain  conditions,  these  bases  may  be  present  in  concentra- 
tions high  enough  to  allow  their  precipitation. 

02  + 2H20  + 2e-  = H202  + 20H“ 

Reduction  of  oxygen  to  form  hydrogen  peroxide  and  hydroxyl 
ions. 

02  + 2H20  + 4e“  = 40H“ 

Reduction  of  oxygen  to  form  hydroxyl  Ions. 

Ca++  + 2H20  + 2e“  = Ca++(0H“)2  + H2 
Reaction  at  cathode. 

Mg++  + 2H20  + 2e“  = Mg++(DH")2  + Hq 
Reaction  at  cathode. 

3.3  FACTORS  AFFECTING  CORROSION.  The  potential  differ- 
ence between  the  anode  and  cathode  can  originate  from  sever- 
al sources.  Almost  any  chemical  or  physical  difference  be- 
tween the  anode  and  cathode  areas  will  cause  a natural  poten- 
tial difference.  This  difference  can  be  in  the  electrolyte 
or  the  metal.  Common  differences  which  cause  potentials  suf- 
ficient to  support  substantial  corrosion  are  different  metals 
(for  example,  copper  and  iron  coupled  will  have  a potential 
difference  of  approximately  0.6  volt),  impurities  in  the 
metal,  different  metal  surface  conditions,  different  concen- 
trations of  chemicals  within  the  electrolyte  (especially 
oxygen  concentration),  and  temperature  differentials.  Any 
direct  electric  current,  such  as  stray  currents  from  improp- 
erly grounded  D.C.  motors  or  generators,  will  support  cor- 
rosion. Usually  alternating  current  will  not  cause  appreci- 
able corrosion  when  leaving  a metal  structure  unless  the  cur- 
rent Is  partially  rectified.  Because  of  the  large  voltages 
and  amperages  usually  involved,  stray  currents  can  cause 
unbelievably  extensive  and  rapid  corrosion. 

It  is  important  to  remember  that  this  corrosion  process  Is 
universal  for  all  metals.  Cast  Iron,  steel,  copper,  lead, 
concrete  reinforcing  steel,  stainless  steels,  exotic  metals  - 


all  will  corrod o given  a favorable  environment.  For  the 
common  metal:;,  ouch  aa  c;i3t  iron  and  structural  aieol,  moot 
environments  are  corrosive.  Some  factors  which  generally 
effect  corrosion  of  metals  are  <1  Lseii.isod  h<  re. 


3.3*1  Electrolyte  Resistivity.  The  effects  of  various 
factors  on  soil  and  water  resistivity  have  been  previously 
discussed.  The  effect  of  electrolyte  resistivity,  in  gener- 
al, is  quite  simple;  as  resistivity  decreases,  corrosion  in- 
creases. 

3.3.2  Temperature . Temperature  may  alter  the  corrosion 
behavior  of  an  electrolyte  or  a metal,  with  different 
results,  depending  on  the  system  being  considered.  In  gen- 
eral, it  is  known  that  chemical  reactions  usually  are  more 
rapid  at  elevated  temperatures;  this  idea  applies  to  reac- 
tions that  make  up  the  corrosion  process,  too.  It  does  not 
always  hold  true,  of  course;  often  combinations  of  factors 
result  in  unexpected  behavior  at  high  temperature.  For  ex- 
ample, galvanized  steel  is  a common  material  of  construction; 
it  is  known  that  below  about  l40°F,  the  zinc  galvanizing  is 
anodic  to  the  steel  base  and  corrodes  preferentially,  pro- 
tecting the  steel.  At  elevated  temperatures  (above  about 
1?0°F),  however,  this  situation  is  reversed,  as  the  steel 
becomes  anodic  to  the  zinc  and  actually  corrodes  the  metal 
it  was  designed  to  protect. 

t 

Some  general  comments  about  the  effects  of  temperature  on 
the  behavior  of  the  common  electrolytes,  soil  and  water, 
may  be  safely  made. 

The  effect  of  temperature  on  the  resistivity  of  soil  is  a 
gradual  increase  in  resistivity  with  a decrease  in  tempera- 
ture until  the  freezing  point  Is  reached.  At  temperatures 
below  the  freezing  point,  the  resistance  increases  rapidly 
according  to  the  formula: 


where 


R15.5  = Rt(24.5  + t) 


^15.5  ~ reslstance  of  the  soil  at  15.5°C  (60°F) 


= observed  resistance  at  temperature  t°C. 

The  relation  between  soil  resistance  and  temperature  is 
shown  in  Figure  3-4. 

Temperature  also  affects  the  corrosive  powers  of  dissolved 
oxygen  in  fresh  water.  Laboratory  tests  indicate  that  an 
increase  In  temperature  from  140°  to  194“?.  doubles  the  rate 
of  corrosion  by  oxygen  in  water. 
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Temperature  (°C) 

Figure  3-4 

EFFECT  OF  TEMPERATURE  ON  SOIL  RESISTIVITY 


3.3.3  £H 

3. 3. 3.1  The  Meaning  of  pH.  In  an  aqueous  solution 
there  are  always  some  nydrogen  ions  and  some  hydroxyl  ions 
as  a result  of  dissociation  of  water.  The  relative  amounts 
of  these  two  ions  determine  whether  any  solution  has  the 
familiar  sour  taste,  the  ability  to  turn  blue  litmus  paper 
red,  and  other  acid  characteristics;  or  whether  it  has  a 
bitter  taste,  soapy  feel,  the  ability  to  turn  red  limus 
paper  blue,  and  other  alkaline  characteristics;  or  whether 
it  is  chemically  neutral,  neither  alkaline  nor  acid.  If 
hydrogen  ions  are  In  excess,  the  solution  reacts  as  an  acid; 
if  hydroxyl  ions  are  in  excess,  the  solution  reacts  as  an 
alkali;  and  if  both  ions  are  present  in  equal  amounts,  the 
solution  is  neutral.  Going  further,  acids  are  identified  as 
substances  which,  when  dissolved  in  water,  increase  hydrogen 
ion  concentration,  and  alkalies  as  those  substances  which, 
when  dissolved  in  water,  increase  hydroxyl  ion  concentration, 
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An  important  feature  of  the  behavior  of  any  solution  con- 
taining hydrogen  ions  (H*-)  and  hydroxyl  ions  (OH”)  is  that 
while  concentration  of  individual  ions  may  vary  over  a wide 
range,  the  product  of  these  concentrations  is  about  con- 
stant. It  follows,  then,  that  if  concentration  of  one  ion 
is  increased,  concentration  of  the  other  is  automatically 
decreased  to  a corresponding  extent.  The  constant  for  pure 
water  has  been  evaluated  and  found  to  be  approximately 
10- W.  Since  this  represents  the  product  of  equal  concen- 
tration of  hydrogen  ions  (H*)  and  hydroxyl  ions  (0H~),  con- 
centration of  each  ion  must  be  10-7  gram-ions  per  liter. 

Since  the  sum  of  the  exponents  (the  product  of  the  concen- 
trations) is  a constant  value,  it  follows  that  if  it  is  pos- 
sible to  measure  the  concentration  of  either  ion,  the  other 
can  be  calculated.  Satisfactory  methods  have  been  developed 
to  measure  the  concentration  of  hydrogen  ions,  and  it  has 
become  common  practice  to  state  both  hydrogen  and  hydroxyl 
ion  concentrations  in  terms  of  hydrogen  ion  concentration 
only. 

Since  it  is  customary  to  state  ion  concentration  of  a solu- 
tion only  in  its  H value,  simple  numbers  which  are  logar- 
ithms of  the  reciprocals  of  the  corresponding  hydrogen  ion 
concentration  are  substituted  for  concentrations.  These 
simple  numbers  are  called  pH  values.  The  following  should 
be  remembered:  a pH  value  of  7.0  Indicates  a balance  be- 

tween H+  and  OH”  Ions  and  the  solution  is  said  to  be  neutral; 
pH  /alues  of  less  than  7.0  Indicate  an  acid  solution  with 
hydrogen  ion  concentration  becoming  progressively  greater  as 
the  numerical  value  of  pH  becomes  smaller;  the  pH  values 
greater  than  7.0  indicate  an  alkaline  solution  with  the  hy- 
droxyl ion  concentration  becoming  progressively  greater  and 
the  hydrogen  ion  concentration  smaller  as  the  numerical  val- 
ue of  pH  becomes  larger,  and  a variation  of  one  pH  unit  indi- 
cates a tenfold  variation  in  the  Ionic  concentrations.  For 
example,  a solution  having  a pH  value  of  6.0  has  ten  times 
more  hydrogen  Ions  and  one-tenth  as  many  hydroxyl  ions  as 
another  solution  having  a pH  value  of  7.0. 

3. 3. 3. 2 Effect  of  pH  on  Corrosion.  The  effect  of  pH, 
like  temperature,  depenas  greatly  on  the  system  under  con- 
sideration. For  many  systems,  little  or  no  effects  are  ob- 
served over  a wide  range  of  pH;  other  systems  behave  differ- 
ently at  opposite  ends  of  the  scale. 

Amphoteric  metals  exhibit  both  acid  and  alkaline  properties 
depending  on  their  environment.  Examples  are  zinc,  lead, 
and  aluminum.  Amphoteric  metals  are  subject  to  increased 
corrosion  in  either  basic  or  acidic  electrolytes;  conse- 
quently, their  use  is  restricted  to  near-neutral  pH  systems. 
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Iron  Is  not  amphoteric.  The  effect  of  water  on  corrosion 
of  iron  at  72°  and  104°F  is  shown  in  Figure  3-5.  Specimens 
of  mild  steel  were  exposed  to  water  containing  an  average 
of  5 milliliters  of  oxygen  per  liter.  Sodium  hydroxide 
(NaOH)  and  hydrochloric  acid  (HCl)  were  added  to  produce  the 
alkaline  and  acid  ranges  of  pH,  respectively. 

At  pH  values  greater  than  needed  for  hydrogen  evaluation 
(pH  • 4),  results  of  Figure  3-5  can  be  explained  by  the  pro- 
tective layer  of  hydrous  ferrous  oxide  which  is  formed  on 
the  iron  surface  by  the  initial  corrosion  reaction.  Regard- 
less of  the  actual  pH  of  water  between  pH  4 and  9.5,  the 
surface  of  the  iron  is  always  in  contact  with  an  alkaline 
saturated  solution  of  hydrous  ferrous  oxide. 

Corrosion  continues  as  rapidly  as  oxygen  can  diffuse  through 
the  protective  layer,  the  layer  being  continually  renewed  by 
the  corrosion  process.  Since  the  corrosion  product  film  next 
to  the  iron  is  essentially  unchanged  by  external  conditions 
within  the  above  range  of  pH,  corrosion  rate  is  not  altered 
except  by  change  In  dissolved  oxygen.  At  pH  9.5  (72°F. ), 
however,  further  increase  in  alkalinity  extends  its  effect 
to  the  iron  surface  and  either  decreases  the  surface  reac- 
tion rate  (the  iron  becomes  passive)  or  decreases  permeabil- 
ity of  the  corrosion  product  layer  to  oxygen  (by  decreasing 
the  solubility  of  the  ferrous  ion,  Fe++).  In  either 
Instance  the  corrosion  rate  is  expected  to  decrease  as  is 
observed. 

Within  the  acid  region  (pH  is  less  than  4),  on  the  other 
hand,  the  alkaline  corrosion  product  layer  is  dissolved  and 
the  acid  reacts  directly  with  Iron.  For  acids  that  are  not 
totally  dissociated  Into  their  component  Ions  (weak  acids), 
the  pH  at  which  hydrogen  is  evolved  will  shift  to  a higher 
(less  acid)  value.  For  example,  carbonic  acid  at  room  tem- 
peratures causes  hydrogen  evolution  at  a pH  of  6 and  phenol 
solutions  at  a pH  of  7;  whereas  with  sulfuric  or  hydro- 
chloric acid,  the  value  of  pH  must  reach  4.  It  appears  that 
total  acidity  rather  than  pH  of  an  acid  is  the  controlling 
factor. 

3.3.4_  Pressure.  Usually,  pressure  Is  constant  enough  to 
be  ignored'  as  a Tactor  in  corrosion.  However,  In  some  indus- 
trial applications,  it  may  be  Important.  Pressure  sometimes 
does  have  an  effect  on  chemical  reactions  and  may  need  to  be 
considered  in  extreme  cases. 

3.3.5  Radiation.  The  effects  of  radiation  on  corrosion 
are  not  very  clear.  In  general.  It  is  known  that  such  prop- 
erties of  metals  and  other  materials  as  yield  strength  and 
p.->rer»nt  rk'itv/.’iMnn  :i  pr-  a1fcorr*»l  by  radiation.  Tv  yon' I thin 
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Figure  3-5 

EFFECT  OF  pH  ON  CORROSION  OF  MILD  STEEL 


3.3.6  Metallurgical  Factors.  The  metallurgical  history 
of  a metal  can  orten  reveal  much  about  its  tendency  to  cor- 
rode. Some  knowledge  of  basic  metallurgy  is,  therefore, 
necessary  for  a complete  understanding  of  corrosion. 

3. 3. 6.1  Structure  of  Metals.  As  noted  earlier,  metal- 
lic solids  consist  of  positive  ions  bonded  together  in  a 
cloud  of  electrons.  All  of  the  ions  share  all  of  the  elec- 
trons, resulting  in  relatively  unrestricted  movement  of  the 


electrons.  This  free  movement,  restricted  only  by  collis- 
ions with  other  electrons,  accounts  for  the  electrical  and 
thermal  conductivity  exhibited  by  metallic  solids.  The 
collisions  account  for  resistivity.  Within  the  solid,  the 
ions  are  arranged  in  a pattern,  distinctive  of  the  sub- 
stance in  question.  This  pattern  is  called  the  space  lat- 
tice, and  it  is  characterized  by  an  orderly,  repetitive 
arrangement  of  the  ions  to  allow  as  close  packing  as  pos- 
sible. A variety  of  lattice  form3  are  possible,  but  metals 
usually  exhibit  cubic,  hexagonal,  or  tetragonal  lattices. 

A regular  combination  of  lattices,  few  or  many,  is  called  a 
crystal.  Crystals  form  naturally  when  the  metal  cools  from 
its  liquid  state;  many  crystals  start  to  foxmi  simultaneously 
at  different  points  in  the  random  distribution  of  atoms  or 
molecules  which  constitutes  a liquid.  These  crystals  en- 
large along  their  planes  of  growth  until  they  contact  other 
crystals.  Along  the  lines  of  contact  irregular  boundaries 
form,  and  the  resulting  irregular  crystals  are  referred  to 
as  grains . Metallic  grains  normally  vary  in  diameter  from 
0.01  to  0.OO1  inch.  The  precise  size,  shape,  and  orienta- 
tion of  the  grains  depend  upon  the  rate  at  which  the  metal 
cools,  and  these  things  help  determine  the  properties  of  the 
solid. 

This  microstructure  of  the  metal  may  be  altered  by  alloying 
(adding  or  substituting  other  substances  into  the  space 
lattice),  heat  treatment  (melting  and  reforming  of  the 
grains),  or  mechanical  deformation.  Any  of  these  processes 
singly  or  together  can  greatly  affect  the  corrosion  proper- 
ties of  a metal. 

3. 3 .6. 2 Alloying.  Metals  in  the  pure  form  are  rare  in 
engineering  applications . Generally,  alloys  - combinations 
of  substances  which  together  act  like  metals  - are  the  mater- 
ials employed,  because  they  can  be  altered  to  produce  a wide 
range  of  properties. 

Alloys  may  be  solid  solutions  of  the  elements  involved,  or 
mechanical  mixtures,  or  compounds.  Whatever  the  method  of 
formation,  alloys  exhibit  properties  entirely  their  own. 

The  corrosion  properties  of  alloys  depend  on  many  factors 
including  the  substances  involved,  the  relative  amounts,  and 
the  method  of  alloying.  Properties  of  individual  alloys  are 
discussed  in  paragraph  5.3. 

3. 3 .6.3  Heat  Treatment.  In  general,  heat  treatment  is 
the  heating  and  cooling  of  a metallic  solid  to  obtain  cer- 
tain desirable  properties . As  mentioned  above,  heat  treat- 
ment can  be  used  to  change  the  size  and  orientation  of 
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grains  which  can  alter  the  properties.  Heat  treating  can 
also  change  the  chemical  composition  of  alloys  by  removing 
inhomogeneities  initiated  by  rapid  cooling. 

a.  Annealing  to  Reduce  Stress.  When  a metal  has  been 

mechanically  deformed  by  a process  such  as  cold-rolling, 
forging,  etc.,  high  residual  stresses  are  produced.  In  a 
metal  which  has  cooled  unevenly,  residual  stresses  also  ex- 
ist, usually  to  a lesser  degree.  The  grains  can  be  made 
more  uniform  and  the  stresses  relieved  by  annealing.  An- 
nealing of  stressed  metals  includes  three  stages:  recovery, 

recrystallization,  and  grain  growth. 

(1)  Recovery.  Recovery  of  a cold  worked  metal  is 
often  used  as  a partial  anneal,  because  in  it  the  metal  re- 
gains some  ductility  without  losing  much  of  the  high 
strength  it  gained  in  cold  work.  Such  a process  often  pro- 
duces improved  corrosion  resistance  and  toughness. 

(2)  Recrystallization.  In  re crystallization  of  a 
cold  worked  metal,  new  grains  form  at  the  boundaries  of  the 
existing  grains  and  gradually  replace  them.  These  new 
grains  are  stress  free  and  are  accompanied  by  the  return  of 
strength  properties  to  their  low  pre -deformation  state  and 
an  increase  in  ductility. 

(3)  Grain  Growth.  The  third  step,  grain  growth, 
merely  produces  further  growth  in  grain  size  Including  the 
elimination  of  some  grains  as  others  grow.  This  process 
must  be  controlled,  so  that  a large-grained,  unmachinable 
metal  does  not  result. 

b.  Annealing  to  Homogenize.  Coring  (chemical 
Inhomogeneity)  is  often  a problem  in  cast  metals  because  of 
uneven  cooling.  Coring  reduces  corrosion  resistance  of  many 
metals  and  also  decreases  mechanical  properties.  The 
specific  treatment  greatly  depends  on  the  alloy  under  con- 
sideration, but  the  basis  for  homogenization  annealing  Is 
diffusion.  By  heating  the  metal,  the  atoms  are  allowed  to 
move  to  their  more  natural  homogeneous  state  removing  dis- 
ruptions in  the  crystal  lattice  and  Improving  corrosion 
resistance . 

c.  Age-Hardening.  Another  form  of  heat  treatment 
which  can  alter  the  mechanical  properties  of  certain  alloys 
is  age-  or  precipitation-hardening.  Often  the  resultant 
metal  state  is  less  corrosion-resistant  than  the  original. 

A discussion  of  this  phenomenon  can  be  found  in  any  metal- 
lurgy text  and  will  not  be  covered  here. 

d.  Sensitization.  Some  stainless  steels  are  .subject 
to  a phenonmen  of  heat  treating  known  as  sensitization. 

When  heated  in  the  range  of  800  to  l600°P  (425  to  870°C), 
they  precipitate  chromium  carbide  in  the  grain  boundaries. 


leaving  the  areas  immediately  adjacent  to  the  boundaries  low 
in  chromium.  Since  12  percent  chromium  is  required  for  cor- 
rosion resistance  in  stainless  steels,  these  areas  are  sus- 
ceptible to  corrosion.  This  problem  has  been  observed  fre- 
quently in  welding  of  stainless  steel.  Resolution  of  this 
problem  is  attained  by  heating  the  steel  to  between  1800 
and  1900°P  (980  and  1040°C)  whereupon  the  carbide  redis- 
solves. Quenching  to  room  temperature  completes  the  proced- 
ure, returning  the  steel  to  its  former  corrosion-resistar i 
state. 

3* 3.6. 4 Mechanical  Deformation.  During  fabrication, 
metals  are  often  plasticly  deformed.  The  term  "plastic" 
here  refers  to  permanent  deformation,  unlike  elastic  defor- 
mation such  as  is  visible  when  a rubber  band  is  stretched 
and  released.  Plastic  deformation  involves  deforming  and 
disrupting  the  metal  grains;  dislocations  in  the  space  lat- 
tice occur  and  high  residual  stresses  are  introduced.  These 
areas  are  generally  anodic  to  the  remainder  of  the  metal  and, 
hence,  will  corrode  more  rapidly.  Pitting,  intergranular 
corrosion,  and  stress  corrosion  cracking  may  be  encountered 
if  annealing  is  not  employed  to  reverse  the  effects  of  mech- 
anical deformation. 

3.4  THE  ELECTROCHEMICAL  SERIES.  When  two  different  metals 
or  two  like  metals  under  different  conditions  are  joined  to- 
gether electrically  in  a solution,  they  form  a "galvanic" 
couple".  The  corrosion  of  one  of  the  metals  (the  anode)  will 
be  increased  by  the  contact;  the  corrosion  of  the  other  metal 
(the  cathode)  will  be  decreased  or  stopped.  In  any  practical 
situation,  it  is  necessary  to  determine  which  metal  is  the 
anode  and  which,  the  cathode.  This  can  be  accomplished  by 
comparing  the  corrosion  potentials  of  the  metals  for  the  par- 
ticular situation. 
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3.^.1  Corrosion  Potentials  and  EMF.  An  electromotive 
force  is  defined  as  the  force  which  tends  to  cause  a move- 
ment of  electricity  through  a conductor.  In  a galvanic 
couple,  this  force  is  the  potential  difference  between  the 
two  electrodes. 

a i 

3. 4. 1.1  Standard  Potentials.  The  Individual  potential  i 

of  a single  metal  "can  be  measured  relative  to  other  metals.  j 

This  potential  will  be  different  in  different  solutions.  | 

For  convenience,  a set  of  Standard  Potential!  s has  been  de- 
vised, which  Indicate  individual  potentials  relative  to  a 
specific  set  of  arbitrarily  assigned  conditions.  These  po- 
tentials arc  measured  relative  to  the  "standard  h.yd  •ogrn  j 

electrode"  which  consists  of  hydrogen  gas  bubbled  over  a ; 

platinized  platinum  electrode  Immersed  In  a.  solution  of  unit  1 

activity  (a  definite  hydrogen  Ion  ooncontrab  I on ) . The  metal 
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electrodes  are  Immersed  in  one  molal  solution  of  their  own 
Ions.  The  potential  of  the  standard  hydrogen  electrode  is 
arbitrarily  assigned  the  value  of  zero  volts,  and  the 
other  potentials  are  then  measured  from  this  standard. 

A list  of  elements  arranged  according  to  their  standard 
electrode  potentials  is  defined  as  the  electromotive  force 
series,  the  sign  being  positive  for  elements  with  potentials 
that  are  cathodic  to  a standard  hydrogen  electrode  and 
negative  for  elements  with  potentials  anodic  to  a standard 
hydrogen  electrode.  The  electromotive  force  series  is  shown 
in  the  Appendix.  In  most  -jases,  any  metal  in  this  series 
will  displace  the  more  positive  metal  from  a solution  and 
thus  corrode  to  protect  the  more  positive  metal.  There  are 
exceptions  to  this  because  of  the  effect  of  ion  concentra- 
tions in  a solution  and  because  of  different  environments 
found  in  practice.  This  exception  usually  applies  to  metals 
close  together  in  the  series  which  may  suffer  reversals  of 
potential.  Metals  far  apart  in  the  series  will  behave  as 
expected,  the  more  negative  will  corrode  to  the  more  posi- 
tive. In  ah  electrochemical  reaction,  the  atoms  of  an  ele- 
ment are  changed  to  ions.  If  an  atom  loses  one  or  more 
electrons  (e- ),  it  becomes  an  ion  that  is  positively 
charged  and  is  called  a cation  (example,  Fe++ ) . “An  atom 
that  takes  on  one  or  more  electrons  also  becomes  an  ion  but 
it  will  be  negatively  charged  and  is  called  an  anion  (exam- 
ple, OH").  The  "charges  are  shown  in  Appendix  C.  and  coincide 
with  the  valence  of  the  elements. 

3. 4. 1.2  Reference  Electrode.  References  other  than  the 
standard  hydrogen  electrode  are sometimes  used  to  determine 
electromotive  series,  because  the  hydrogen  electrode  is  awk- 
ward to  use  in  practice.  Some  common  reference  electrodes 
used  in  practical  applications  and  their  potentials  relative 
to  the  standard  hydrogen  cell  are  given  here: 


Half  Cell 


Potential  (Volts 


Tenth  Normal  Calomel 
Saturated  Copper  Sulfate 
Normal  Calomel 
Saturated  Calomel 
Silver-Silver  Chloride 
Hydrogen 


+0.3337 

+0.3150 

+0.2800 

+0.2415 

+0.2222 

0.0000 


The  electromotive  series  based  on  the  standard  hydrogen 
electrode  is  found  in  Appendix  C. 

A discussion  of  the  copper-copper  sulfate  half-cell  and 
other  reference  electrodes  of  interest  in  corrosion  control 
work  is  found  in  Section  6. 
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3. 4.1.3  Galvanic  Series.  The  arrangement  of  a list  of 
metals  and  alloys  according to  their  relative  potentials  In 
a given  environment  is  a galvanic  series.  By  definition,  a 
different  series  could  be  developed  for  each  environment. 
Such  a series  has  been  developed  for  sea  water.  The  series 
serves  most  practical  purposes  for  metals  used  in  the  con- 
struction field.  Galvanic  series  based  on  two  different 
reference  electrodes,  calomel  and  copper-copper  sulfate,  are 
given  in  Appendix  D. 

The  chromium-iron  and  chromium-nickel-iron  alloys  frequently 
change  positions  depending  upon  the  corrosive  media,  partic- 
ularly with  respect  to  their  oxidizing  power  and  acidity,  or 
to  the  presence  of  activating  ions,  such  as  halides.  Incon- 
el and  occasionally  nickel  behave  in  a similar  manner, 
though  the  variations  in  their  positions  are  less  frequent 
and  less  extensive.  Although  the  relative  positions  of 
metals  within  a group  sometimes  change  with  external  condi- 
tions, it  is  only  rarely  that  changes  occur  from  group  to 
group.  The  metals  within  a group  dc  not  have  a strong  ten- 
dency to  produce  corrosion  among  each  other  and  are  rela- 
tively safe  to  use  together.  A3  the  groups  become  more  sep- 
arated, the  tendency  for  corrosion  between  the  metals  in- 
creases. The  coupling  of  two  metals  widely  separated  In  the 
list  will  result,  therefore,  in  accelerated  corrosion  of  the 
metal  which  is  toward  the  anodic  end  of  the  series.  For  ex- 
ample, when  steel  and  copper  are  coupled,  the  steel  will 
corrode . 


3-5  ELECTROCHEMICAL  CELL3.  Corrosion  cells  are  of  three 
basic  types:  the  electrolytic  cell,  the  galvanic  cell,  and 

the  concentration  cell.  All  are  similar  In  that  they  have 
the  four  basic  components,  previously  described:  anode, 

cathode,  electrolyte,  and  external  metal  conductor. 
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3.5.1  Electrolytic  Cell.  The  electrolytic  cell  includes 
the  four  basic  components  plus  an  external  source  of  elec- 
tric energy  connected  in  the  external  circuit  between  the 
anode  and  cathode  to  cause  current  to  flow.  This  is  the 
type  of  cell  setup  for  electrically  protecting  structures 
by  cathodic  protection  when  electric  power  is  available. 

It  Is  also  typical  of  the  cell  that  exists  when  stray  cur- 
rent corrosion  occurs.  (Figure  3-6a.) 


3.5.2  Galvanic  Cell.  The  galvanic  cell,  which  has  the 
four  basic  components",  has  an  anode  and  cathode  of  dissimi- 
lar metals  or  dissimilar  conditions  of  the  same  metal,  in  a 
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homogeneous  electrolyte.  The  common  dry  battery  is  a typi- 
cal example.  The  dissimilarity  causes  one  metal  to  become 
the  anode  and  the  other  the  cathode,  thereby  forming  the 
battery  action.  Two  different  specified  metals  in  the  same 
electrolyte  always  produce  the  same  potential  (electrical 
pressure)  between  them.  This  type  of  cell  is  established 
when  zinc,  magnesium,  or  anodes  of  similar  metals  are  used 
for  protecting  structures  by  cathodic  protection  when  no 
direct  current  power  is  available.  (Figure  3-6b) 

3.5.3  Concentration  Cell.  The  concentration  cell  is 
similar  to  the  galvanic  cell  except  with  an  anode  and  cath- 
ode of  the  same  material  in  a nonhomogeneous  electrolyte. 

The  Inequality  c^f  dissolved  chemicals  causes  a potential 
difference  which  establishes  the  "anode"  (usually  the  elec- 
trode in  the  more  concentrated  part  of  the  solution).  Dif- 
ferences of  kind  of  chemicals  will  also  produce  potentials 
in  a cell  of  this  type.  This  type  of  cell  accounts  for 
most  soil  corrosion.  These  cells  may  be  set  up  by  varia- 
tions in  quantity  of  oxygen  permeating  the  soil,  by  differ- 
ent concentrations  of  the  same  chemical,  or  by  different 
kinds  of  chemicals.  (Figure  3-6c)  Conditions  often  occur 
also  where  electrochemical  cells  are  a combination  of  the 
various  types  of  cells. 

3.6  CONVENTIONAL  CURRENT  AND  EIECTRON  FLOW. 

3.6.1  Discussion.  Conventional  current  flow  was  estab- 
lished at  the  time of  Benjamin  Franklin  and  was  based  on 
the  "one-fluid"  theory.  By  this  theory,  only  positive  elec- 
tricity flowed,  and  the  direction  of  flow  was  arbitrarily 
assumed  to  be  from  positive  to  negative. 

This  assumption  was  made  before  anything  was  known  about 
the  electron.  This  old  conception  of  the  direction  of  flow 
of  the  electric  current  is  still  retained  and  is  called  the 
conventional  current  flow . Electron  flow  is  opposite  in 
direction  to  conventional  current  flow. 

It  Is  emphasized  that  the  electrons  only  flow  in  the  metal- 
lic circuit  portion  of  a corrosion  cell.  Current  flow  in 
the  electrolyte  (the  direction  of  travel  of  the  positive 
ions)  is  opposite  in  direction  to  the  electron  flow. 

Figure  3-2  shows  that  positive  ions  are  formed  at  the  zinc 
anode  and  migrate  toward  the  platinum  cathode.  In  thd  elec- 
trochemical action  that  takes  place  on  the  surface  of  the 
zinc,  which  is  In  contact  with  the  electrolyte,  the  zinc 
atoms  give  up  two  electrons  (e“)  that  will  flow  in  the 
metallic  circuit  (external  circuit)  to  the  platinum  cathode. 
These  electrons  reach  the  surface  of  the  cathode  and  unite 
with  two  hydrogen  (positive)  ions  forming  a molecule. 


It  is  emphasized  that,  in  the  electrolyte,  the  electric  cur- 
rent flows  from  the  anode  to  the  cathode  and  is  designated 
positive  electricity.  This  designation  of  positive  electri- 
city is  due  to  the  positive  charge  on  the  ion  which  is  the 
carrier  of  the  current  in  the  electrolyte.  The  direction 
of  flow  of  the  positive  ions  is  the  same  as  the  conventional 
current . 

On  the  other  hand,  the  electron  flow  in  the  external  circuit 
is  from  the  anode  to  cathode  and  this  is  opposite  to  the 
direction  of  the  conventional  current.  The  electron  flow  in 
the  external  circuit  is  designated  negative  electricity  be- 
cause the  electrons  have  a negative  charge. 

3.6.2  Polarity.  In  a galvanic  or  concentration  cell, 
current  flows  according  to  the  potential  differences  of  the 
cell.  The  more  anodic  metal  corrodes;  the  more  cathodic 
metal  is  protected.  Current  flows  from  cathode  to  anode  in 
the  metal  conductor  (opposite  to  electron  flow).  Current 
flows  fi*om  anode  to  cathode  in  the  electrolyte  (ionic  flow). 

In  an  electrolytic  cell,  current  can  be  Impressed  either  in 
the  direction  of  natural  current  flow,  or  in  the  opposite 
direction.  If  the  former  case  occurs,  the  anode  and  cath- 
ode remain  the  same  as  for  the  galvanic  cell;  however,  a 
greater  current  sum  of  the  natural  and  Impressed  currents 
is  observed.  In  the  latter  case,  if  enough  current  is  ap- 
plied in  the  direction  opposing  the  natural  flow,  the  net 
flow  will  be  the  reverse  of  the  galvanic  flow.  In  this 
case,  the  metal  which  is  anodic  In  the  galvanic  cell  be- 
comes cathodic,  while  the  galvanic  cell's 'cathode  becomes 
the  anode.  The  polarity  of  the  cell  has  been  reversed. 

3.7  POLARIZATION.  Polarization,  by  definition.  Is  a 
change  In  potential  of  an  electrode  because  of  a current 
flow.  This  change  is  such  as  to  decrease  the  potential  dif- 
ference between  anode  and  cathode  and,  thus,  reduce  corros- 
ion. As  seen  in  Figure  3-7,  for  each  of  the  three  cases 
shown,  the  open  circuit  potentials  of  the  electrodes 
(Eao,  Ec0)  at  current  I0  change  through  polarization  to 
some  value  (Ea,  E<*)  at  lower  current  It.  The  potential 
difference  decreases  from  the  initial  value  of  Et0  to  Et, 
the  polarized  potential. 

3.7.1  Anodic,  Cathodic.  Mixed  Control.  Polarization  of 
a corrosion  cell  Is  said  to  be  "controlled"  by  whichever 
electrode  polarizes.  If  both  electrodes  polarize  appreci- 
ably, the  reaction  is  said  to  exhibit  mixed  control 
(Figure  3-7a).  If  only  one  electrode  polarizes,  or  one 
polarizes  more  rapidly,  the  reaction  is  under  anodic 
(anode  polarizes)  or  pftthodlq  (cathode  polarizes7~control. 
(Figure  3-7b  and  c) 
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3.7.2  Mechanisms  of  Polarization.  There  are  essentially 
three  types  of  polarization,  depending  on  the  mechanism  by 
which  the  corrosion  reaction  is  slowed  down.  These  are  des- 
cribed here. 

3.7.2. 1 Activation  Polarization.  A corrosion  reaction 
retarded  by  a slow  step  in  the  reaction  sequence  is  said  to 
exhibit  activation  polarization.  A chemical  or  electrochem- 
ical reaction  is  actually  a series  of  individual  steps,  any 
one  of  which  may  control  the  overall  rate  of  reaction  by 
being  naturally  slow  to  occur.  When  this  situation  arises 
at  an  electrode,  the  corrosion  rate  decreases.  The  forma- 
tion of  hydrogen  gas  from  hydrogen  atoms  at  the  metal  cath- 
ode is  a slow  step  in  the  overall  reaction  of  hydrogen  ions 
to  hydrogen  gas.  In  strong  acid  solutions  where  this  step 
is  rate  controlling,  activation  polarization  is  often  ob- 
served . 

3. 7.2. 2 Concentration  Polarization.  Concentration 
polarization  re  suits  from  con  cent rat ion  changes  at  the 
electrode-electrolyte  interface  introduced  by  the  electrode 
reaction.  Sometimes  when  a metal  dissolves,  the  concentra- 
tion of  metal  ions  at  the  anode  becomes  so  high  that  no  more 
will  go  into  solution.  This  is  an  example  of  concentration 
polarization.  Another  example,  this  due  to  low  concentra- 
tions, is  often  observed  in  hydrogen  evolution  at  the  cath- 
ode in  weak  acid  solutions.  In  a Weak  acid,  the  supply  of 
hydrogen  ions  is  low  and  may  be  rapidly  consumed  a'  the  ca- 
thode. With  no  supply  of  ions,  the  reaction  slows  down, 
and  the  cathode  becomes  polarized. 

3. 7. 2. 3 IR  Drop.  Resistance  polarization  or  IR  Drop 

is  perhaps  the  most  common  type  or  polarization.  Hei e , cor- 
rosion  is  retarded  by  the  build-up  of  reaction  products, 
solids  or  films,  on  the  electrode  surface.  Such  a buildup 
results  in  an  IR  Drop  which  interferes  with  current  flow 
and,  consequently,  slows  the  reaction.  The  hydrogen  film 
commonly  observed  at  the  cathode  surface  is  typical  of  the 
polarization  mechanism.  In  this  example,  when  current 
flows,  deposition  of  a hydrogen  film  on  the  cathode  surface 
tends  to  Insulate  the  cathode  from  the  electrolyte  and 
builds  up  a resistance  to  the  current  flow.  When  this  sur- 
face is  completely  covered  with  a hydrogen  film  which  is  of 
high  electrical  resistance,  the  current  flow  is  substantial- 
ly reduced  and  the  cell  Is  cathodically  polarized.  If  cor- 
rosion is  to  continue,  the  hydrogen  must  be  removed.  If 
sufficient  oxygen  is  present,  the  oxygen  will  combine  with 
the  hydrogen  and  thereby  remove  it.  Oxygen  is,  therefore, 
a powerful  depolarizing  agent.  The  other  way  for  the  hydro- 
gen tc  be  removed  Is  for  it  to  bubble  off  as  a gas. 

This  will  happen  only  if  there  Is  sufficient  energy  supplied 
to  overcome  the  tendency  for  the  gas  to  adhere  to  the  metal 
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(hydrogen  overvoltage).  If  greater  voltages  than  the  hydro- 
gen overvoltage  are  applied,  gas  will  be  liberated.  Resis- 
tance polarization  in  dry  batteries  can  practically  stop 
current  flow  because  the  potential  developed  at  the  anode  is 
not  sufficient  to  overcome  the  high  resistance  of  the  hydro- 
gen film.  In  this  case,  a depolarizer  must  be  added  to  the 
electrolyte  to  remove  the  hydrogen  so  as  not  to  impede  cor- 
rosion because  it  is  essential  to  the  operation  of  a dry 
cell.  Resistance  polarization  helps  retard  the  natural  cor- 
rosion of  underground  structures  which  are  not  cathodically 
protected,  and  helps  reduce  the  current  required  to  effect 
complete  cathodic  protection. 

3.7.3  Cathodic  Protection  and  Polarization.  Cathodic 
protection  is  covered  in  Section  7.  Mention- of  cathodic 
protection  is  made  here  to  complete  the  discussion  of  polar- 
ization. 

Cathodic  protection  is  the  impression  of  current  on  corrod- 
ing metal  surfaces.  An  external  source,  consisting  of 
''artificial1'  anodes  energized  by  rectified  A.C.  or  galvanic 
voltage,  is  used.  Where  current  leaves  a metal  surface, 
corrosion  occurs.  To  stop  corrosion,  external  current  is 
applied  in  the  opposite  direction  to  that  causing  corrosion. 
This  current  makes  surfaces  exposed  to  the  electrolyte  be- 
come cathodic. 

The  criterion  for  determining  adequate  cathodic  protection 
of  these  surfaces  was  originally  proposed  by  Mears  (refer- 
ence 2)  who  states  that  complete  "cathodic  protection  con- 
sists of  polarizing  the  local  cathodes  up  to  the  open  cir- 
cuit potential  of  the  anodic  area  on  the  surface". 

The  open  circuit  potentials  of  the  anode  and  cathode  are 
identified  In  Figure  3-8  as  Eao  and  Eco.  The  open  circuit 
potential  difference,  Eto>  between  the  anode  and  cathode 
areas  is  determined  by  subtracting  Eao  - Eco. 

With  the  passage  of  time,  and  with  no  electrical,  chemical 
or  mechanical  changes  in  the  circuit,  Eag  and  ECo  will  ap- 
proach the  values  Ea  and  Ec  in  Figure  3-8.  Also,  the  cor- 
rosion current  Ia  = Ic  diminishes  and  stabilizes  at  a value 
corresponding  to  the  stabilized  potentials  Ea  and  Ec.  At 
some  point,  because  of  depolarizing  agents  such  as  C>2,  the 
current  Ia  reaches  a steady  state  value  as  do  Ea  and  Ec. 

This  then  represents  the  corroding  structure. 

In  order  to  achieve  complete  cathodic  protection,  the  local 
cathode  must  have  a potential  at  least  equal  to  Eao. 

(dotted  line,  Figure  3-8)  The  current  which  accomplishes 
this  also  raises  the  anode  potential  to  Eao-  Hence, 

Ea  * Ec  = Eao  and  no  corrosion  occurs.  Any  additional  im- 
pressed current  would  continue  to  raise  the  anode  and 
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cathode  potentials,  and  supply  a net  current  to  the  struc- 
ture surface. 

3.8  PASSIVITY. 

3.8.1  General . Passivity  is  a phenomenon  exhibited  by 
metals  (such  as  iron,  nickel,  or  titanium)  and  alloys 
(stainless  steels  and  others)  under  specific  conditions 
whereby  the  anodic  reaction  rate  of  these  metals  Is  reduced. 
They  become  essentially  chemically  inert  in  environments 
where,  according  to  the  electromotive  series,  they  should 
corrode . 

A non-passivating  metal  exhibits  increasing  corrosion  rate 
with  Increasing  solution  oxidizing  power;  a linear  curve 
results  on  a semi-logarithmic  graph.  A passivating  metal, 
however,  exhibits  the  behavior  of  Figure  3-9.  For  low  po- 
tentials, the  expected  linear  increase  is  observed,  as  with 
a non-passivating  metal;  this  is  the  area  of  the  curve 
labeled  '’active".  However,  with  a continued  increase  in 
the  corrosion  potential  of  the  solution  (oxidizing  power), 
a sudden  reduction  In  corrosion  rate  occurs.  With  further 
increased  corrosion  potential,  no  change  in  the  rate  is  ob- 
served. The  metal  has  become  "passive".  Often  this  passive 
corrosion  rate  is  10,000  times  slower  than  the  active  rate. 
Then,  at  some  higher  oxidizing  power,  a return  to  a normal 
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linearly  increasing  rate  is  noted  as  the  metal  enters  the 
"transpassive " region. 

In  the  passive  region  these  metals  are  truly  corrosion  re- 
sistant. However,  for  this  resistance  to  occur,  the  oxidi- 
zing power  of  the  metals'  environment  must  remain  in  the 
definite  range  of  passivity.  Above  or  belov;  this  area, 
serious  corrosion  can  occur. 

The  mechanism  of  passivity  is  not  fully  known.  It  is 
thought  to  be  the  result  of  a surface  film  formed  under 
specific  conditions  which  acts  as  a barrier  between  the 
metal  and  its  surroundings. 

3.8.2  Anodic  Protection.  Anodic  protection  of  active- 
passive  metals  entails  maintaining  the  passive  region  by 
application  of  an  anodic  current.  A potentiostat  is  used 
to  control  the  current  and  thereby  maintain  constant  cor- 
rosion potential. 

Very  low  currents  are  required  to  reduce  the  corrosion  rate 
greatly  in  media  that  are  normally  very  corrosive,  and  so 
this  method  of  protection  has  found  some  applicability. 
Further  discussion  is  found  in  paragraph  5.10. 
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SECTION  4 - EXAMPLES  OF  CORROSION 

4.1  GENERAL.  The  definition  of  corrosion  chosen  by  the 

National  Association  of  Corrosion  Engineers:  "The  deteri- 

oration of  a material,  usually  a metal,  because  of  a reac- 
tion with  its  environment”  allows  a very  broad  interpreta- 
tion of  what  circumstances  promote  corrosion.  Chemical, 
electrochemical,  and  physical  changes  may  be  so  classified, 
depending  on  the  materials  and  environments  involved.  For 
metals,  circumstances  are  generally  electrochemical,  but 
this  does  not  mean  that  metals  corrode  in  only  one  way.  In 
reality,  corrosion  df  metal  most  often  involves  a variety  of 
conditions,  many  of  which  alone  could  result  in  deteriora- 
tion. Examining  a real  corrosion  problem  may  entail  recog- 
nition of  several  sources  of  corrosive  action. 

4.2  GALVANIC  CORROSION.  Galvanic  corrosion  results  from 
a galvanic  cell.  Galvanic  cells  consist  of  anodes  and  cath- 
odes of  different  metals  or  the  same  metal  under  different 
conditions  in  a homogeneous  environment,  (paragraph  3.5.2,) 
These  electrodes  are  connected  together  metallically  and  by 
an  electrolyte,  completing  a basic  corrosion  cell. 

The  galvanic  cell  can  take  on  many  forms,  the  most  impor- 
tant of  which  are  discussed  here. 

4.2.1  Dissimilar  Metals . When  two  dissimilar  metals  are 
metallically  coupled  and  nlaced  in  an  electrolyte,  current 
flows  (In  the  electrolyte)  from  one  to  the  other.  The  metal 
from  which  current  is  flowing  (the  anode)  will  corrode,  and 
the  metal  to  which  current  is  flowing  (the  cathode)  will  be 
protected  from  corrosion.  This  type  of  corrosion  is  termed 
galvanic  and  Is  sometimes  referred  to  as  bimetallic  corros- 
ion . 

Examples  of  galvanic  corrosion  are  shown  In  Figures  4-1  and 
4-2.  In  Figure  4-1,  the  two  dissimilar  metals  are  copper 
and  steel.  The  space  between  them  is  filled  with  an  elec- 
trolyte, or  current-conducting  medium.  The  external  cir- 
cuit Is  completed  through  the  metallic  junction  of  steel 
and  copper,  which  permits  a current  to  flow  from  the  steel 
through  the  electrolyte  to  the  copper.  Where  current 
leaves  the  steel,  It  carries  charged  particles  of  iron,  or 
ferrous  ions  (Fe++),  into  the  electrolyte.  Steel  corrodes 
or  loses  weight  as  charged  particles  go  into  solution.  If 
the  external  circuit  is  opened  or  a sufficiently  high  resis- 
tance is  Introduced  Into  the  circuit,  electric  current  flow 
is  stopped  or  reduced  and  corrosion  is  altered  accordingly. 

In  dissimilar  metal  couplings,  the  more  active  metals  in 
the  galvanic  series  corrode  to  protect  the  more  noble 
metals,  (paragraph  3.4.)  The  galvanic  series  (Appendix  D) 
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Figure  4-1 

GALVANIC  CORROSION:  DISSIMILAR  METALS 


shows  the  relative  tendency  of  metals  to  corrode  when  coup- 
led in  a given  electrolyte. 

4.2.2  Various  Conditions  in  the  Same  Metal.  Galvanic 
corrosion  Is  not  limited  to  metals  easily  recognized  as  be- 
ing dissimilar,  such  as  steel  and  copper.  Substantial  gal- 
vanic potentials  can  exist  between  surfaces  normally  consid- 
ered to  be  of  the  same  metal.  Examples  of  such  galvanic 
cells  are: 

(1)  Steel  is  anodic  to  the  mill  scale  found  on 
hot  rolled  steel  products,  such  as  pipe  and  steel  piling. 

(2}  New  steel  is  anodic  to  old  steel. 

(3)  Brightly  cut  surfaces,  such  as  pipe  threads, 
are  anodic  to  plain  surfaces. 

(4)  The  more  highly  stressed  surfaces,  such  as 
pipe  bends,  are  anodic  to  normal  surfaces. 

(5)  Surface  imperfections  and  nonhomogeneities 
of  metals  cause  galvanic  cells  to  exist. 

Galvanic  cells  resulting  from  dissimilar  conditions  may  be 
of  minor  importance.  Generally,  however,  the  results  are 
important  and  cannot  be  ignored.  Often  a section  of  new 
pipe  inserted  in  an  old  pipeline  will  fail  from  corrosion 
within  a few  years.  Maintenance  personnel  often  conclude 
that  the  new  pipe  is  not  as  well  made  as  the  old  pipe. 
Similarly,  the  corrosion  failure  at  pipe  threads  is  often 
blamed  on  the  thinner  metal  section  at  the  threads,  whereas 
the  actual  cause  is  a galvanic  cell,  a small  area  of  bright 
metal  coupled  with  a large  area  of  metal  in  a less  active 
state.  Figures  4-3,  4-4  and  4-5  illustrate  typical  galvanic 
cells.  They  do  not  show  all  types  of  galvanic  corrosion, 
but  are  a guide  aginst  improper  use  of  dissimilar  metal 
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Figure  4-3 

GALVANIC  CORROSION  DUE  TO  IMPURITIES  IN  THE  METAL 


couplings.-" 

4.3  ENVIRONMENTAL  DIFFERENCES. 

4.3.1  General.  When  metal  is  placed  in  contact  with  an 
electrolyte  which  changes  composition  as  new  constituents 
are  produced  by  reaction,  corrosion  usually  occurs.  When 
metal  is  placed  in  contact  with  an  electrolyte  having  dif- 
ferent constituents  from  point  to  point  or  different  concen- 
trations of  constituents  from  point  to  point,  corrosion  may 
also  occur.  This  is  differential  environmental  corrosion . 
Corrosion  results  from  a difference  in  composition  of1 2 3 4  the 
electrolyte  in  the  first  two  cases  and  from  the  difference 
in  concentration  In  the  third  case.  All  three  cause  corros- 
ion of  metals. 

A metal's  potential  Is  unique  to  the  individual  environment 
in  which  it  is  measured.  In  theory,  no  corrosion  cells  will 
occur  in  a homogeneous  or  uniform  environment.  This  is  rare- 
ly found  in  practice.  As  a result,  potential  gradients  exist 
between  the  portion  of  metal  in  one  environment  and  the  por- 
tion In  another.  Sometimes  these  conditions  produce  serious 
corrosion. 

Many  opportunities  exist  for  differential  environmental  cells 
on  underground  metal  structures,  such  as: 

(1)  Nonuniform  texture  or  type  of  soil  in  contact  wit n 
a structure 

(2)  Nonuniform  moisture  conditions  in  the  soils  in  con- 
tact with  a structure 

(3)  Differential  aeration  In  the  soils  in  contact  with 
a structure 

(4)  Presence  of  foreign  matter  in  the  soils  in  contact 
with  the  structure,  such  as  metallic  objects 
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(5)  Bacterial  action  in  the  soils  (paragraph  4.4). 

Corrosion  cells  resulting  from  differential  environmental 
conditions  may  be  very  large  or  very  small.  (Figures  4-6 
and  4-7. ) Examples  of  small  cells  are  a lump  of  clay  in 
contact  with  a pipe  otherwise  surrounded  by  a sand  loam, 
and  pipe  lying  within  a trench  that  is  wetter  on  the  bot- 
tom than  on  the  top.  Large  cells,  such  as  those  producing 
long-line  current,  may  occur  where  a pipeline  runs  through 
a moist  area  into  a dry  area  or  from  a low  soil  resistivity 
area  into  a high  soil  resistivity  area. 

One  differential  environment  cell  commonly  encountered  with 
underground  pipes  is  the  soil-concrete  cell.  Where  pipe 
enters  a building  wall  underground,  part  is  in  soil  and 
part  is  in  concrete.  Failures  are  often  found  in  the  soil- 
enclosed  pipe  immediately  adjacent  to  the  wall,  where  prop- 
er insulation,  such  as  a dielectric  wall  sleeve,  has  not 
been  employed. 

Long  steel  structures,  such  as  load-bearing  piles  and  sheet 
piling  driven  into  the  earth,  are  especially  susceptible  to 
corrosion  from  differential  environmental  conditions.  When 
piles  terminate  in  large  concrete  caps,  are  interconnected 
to  copper  grounding  systems,  or  are  exposed  to  a severely 
corrosive  environment  or  stray  currents,  they  may  corrode 
rapidly.  Often,  when  driven  into  undisturbed  soil  and  not 
encumbered  with  massive  concrete  caps  or  copper  grounding, 
etc.,  they  are  no  problem. 

Romanoff,  of  the  National  Bureau  of  Standards,  showed  after 
extensive  testing  of  isolated  piles  and  elements  of  a large 
expanse  of  bulkhead  (reference  3)  that  no  appreciable  cor- 
rosion occurs  in  undisturbed  soil,  but  corrosion  does  occur 
more  extensively  in  the  water  table  and  fill  areas. 

Sudrabin  agrees  that  low  corrosion  rates  exist  in  undis- 
turbed soil,  and  points  out  that  severe  corrosion  has  been 
found  on  upper  portions  of  piles  (reference  4).  DeMarco 
has  reported  severe  corrosion  of  H piles  in  rubble  fills  of 
2500  ohm-cm  resistivity  (reference  5). 
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Water  stratification  between  salt  and  fresh  water  in  har-  * ■ 

bors  and  rivers  may  also  produce  an  environmental  change. 

Figure  4-8  shows  differential  environmental  corrosive  I 

action  resulting  from  stratification  of  sea  water  and  fresh  ! 

water.  This  type  of  corrosion  frequently  occurs  in  rivers, 
harbors,  and  estuaries  where  stratification  of  water  occurs  j 

all  or  part  of  the  time.  f 
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Local  differential  en- 
vironment cells  may  oc- 
cur in  corners  and  at 
welds  on  marine  or 
other  structures.  Dif- 
ferential environmental 
corrosion  of  this  type 
can  cause  a great  deal 
of  damage  in  sheet  pile 
construction.  If  holes 
are  cut  in  the  sheet 
piling  for  the  attach- 
ment of  tie  rods,  water 
action  often  causes  a 
small  pocket  to  be  hol- 
lowed out  immediately 
behind  the  sheet  piling. 
If  the  pocket  is  filled 
with  water  or  a lower 
resistivity  electrolyte 
than  the  surrounding 
earth,  a local  corrosion 
cell  with  a small  anode 
area  and  a large  cath- 
ode area  exists.  The 
result  may  be  corrosion 
of  the  tie  rods,  and 
this  proceeds  until  the 
section  Is  so  reduced 
that  the  tie  rod  suffers 
a tensile  failure.  This 
condition  is  shown  In 
Figure  4-9. 

4.3.2  Concentration 
Cells . Environments 
consisting  of  different 
materials  are  not  the 
only  ones  which  produce 
corrosion.  Concentra- 
tion variations  also  in- 
duce potential  gradients 
on  metals,  resulting  In 
concentration  cells. 

Two  common  types  of  con- 
centration cells  contri- 
bute to  local  corrosion. 
These  are  ion  concentra- 
tion cells  or  oxygen 
concentration  (differ- 
ential aeration)  cells. 
The  former  refer  to  dif- 
ferent concentrations  of 
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DIFFERENTIAL  ENVIRONMENT  CELL 
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metallic  ions  in  various  parts  of  a solution,  whereas  the 
latter  refer  to  variations  in  oxygen  content  at  different 
areas  in  contact  with  metal.  Where  a large  object,  such 
as  a pipeline,  passes  through  different  soil  environments, 
major  corrosion  cells  extending  over  several  miles  may  be 
established  resulting  in  long-line  currents  on  the  struc- 
ture. Several  amperes  of  current  may  flow  in  the  metal  of 
a pipeline  as  a result  of  such  conditions.  Corrosion  oc- 
curs where  current  leaves  the  pipe  surface. 

Pipelines  or  underground  tanks  placed  in  trenches  and  back- 
filled are  subject  to  oxygen  concentration  cells. 

(Figure  4-10. ) Oxygen  is  used  up  at  areas  of  high  concen- 
tration according  to  the  oxidation  reaction: 

02  + H2O  + 2e"  - 20H“ 

Since  oxidation  occurs  at  cathodes,  areas  of  high  oxygen 
concentration  become  cathodic  to  areas  of  low  oxygen  con- 
centration. Less  oxygen  is  found  at  bottom  surfaces  of 
tanks  or  pipes,  so  accelerated  corrosion  occurs  there. 

Small  corrosion  cells  may  result  from  differential  aeration 
on  pumps  or  sludge  digesters  under  rust  tubercles  (Figure 
4-11).  Similar  problems  occur  in  steam  condensate  lines 
and  hot  water  lines,  resulting  in  damage  to  the  structures 
as  shown  on  Figures  4-12  and  4-13.  Differential  cells  also 
occur  in  connection  with  certain  forms  of  marine  growth'  and 
sometimes  at  a water-soil  Interface  as  the  result  of  scour- 
ing action.  Harbor  contamination  may  result  in  differential 
environments,  either  in  the  water  or  between  the  water  and 
silt  on  the  bottom.  Contamination  may  also  promote  bacter- 
ial action,  thereby  intensifying  differential  environmental 
conditions  resulting  in  increased  corrosion  attack,  even  in 
very  deep  water. 

Corrosion  on  sheet  piling  in  sea  water,  where  the  water 
level  changes  due  to  tide  or  wave  action,  is  often  due  to 
differential  aeration  cells.  Figure  4-l4,  a corrosion  pro- 
file for  sheet  piling  in  sea  water,  shows  two  major  zones  of 
attack,  one  at  the  high-tide  elevation  and  another  below  the 
low-tide  elevation.  The  first  zone  is  due  primarily  to  at- 
mospheric corrosion.  The  second  zone  of  attack  occurs  be- 
cause of  differential  aeration.  The  corrosion  cell  is 
formed  by  the  cathodic  (aerated)  area  between  low  and  high 
tides  and  the  anodic  (unaerated)  area  in  the  continuously 
submerged  zone.  The  corrosion  profile  illustrated  in 
Figure  4-14  is  for  a specific  piling.  The  profile  may 
differ  greatly,  depending  upon  conditions  at  a given  loca- 
tion. Sometimes  additional  corrosion  cells  are  concentra- 
ted just  below  low-tide  elevation  and  in  the  earth  region. 

In  the  first  case,  corrosion  occurs  when  surface  water  is 
highly  aerated  and  the  differential  aeration  cell  here  is 
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accentuated.  Examples  of  corrosion  just  below  low-tide 
elevation  are  found  on  piling  in  areas  subject  to  moderate 
wave  action. 

4.3.3  Crevice  Corrosion.  Crevice  corrosion  is  another 
problem  resulting  from  differential  environment  conditions. 
Due  to  reaction,  the  chemical  composition  of  a solution  in 
a crevice  changes.  Corrosion  results.  Crevice  corrosion 
can  be  mitigated  by  either  enlarging  the  crevice  to  allow 
the  solution  therein  to  remain  in  balance  with  the  mass  of 
solution,  or  by  filling  in  the  crevice  with  some  non-corros- 
ive. This  type  of  corrosion  may  be  found  in  crevices  built 
into  a structure,  or  where  some  object  has  been  placed  or 
dropped  on  a surface  and  a small  film  of  solution  exists  be- 
neath it. 

4.3.4  "Cathodic  Corrosion lf . Another  source  of  corrosion 
caused  by  environmental  change  is  cathodic  reaction  prod- 
ucts. Corrosion  from  cathodic  products  is  often  termed 
"cathodic  corrosion".  In  lead-sheathed  cables,  a potential 
exceeding  -1.20  volt  to  a copper-copper  sulfate  reference 
electrode,  particularly  in  a highly  alkaline  environment, 
will  cause  alkaline  products  to  form  at  the  cathode.  These 
alkaline  products  are  corrosive  to  lead.  This  same  effect 
occurs  whether  lead  cables  are  purposely  placed  under  cath- 
odic protection  or  bonded  into  a cathodic  protection  system 
and  the  cable  held  in  excess  of  -1.20  volt.  Aluminum  also 
will  be  corroded  under  similar  conditions  and  should  be 
maintained  at  a potential  of  less  than  -1.20  volts  to  a 
copper-copper  sulfate  half-cell.  Consequently,  correction 
of  stray  current  conditions  by  bonding  and  cathodic  protec- 
tion systems  must  be  carefully  adjusted  where  lead  and  alum- 
inum are  involved.  In  addition,  these  metals  should  not  be 
placed  in  alkaline  environments,  where  similar  problems  will 
arise  such  as  aluminum  in  concrete. 


This  corrosion  can  be  controlled  as  long  as  the  protective 
current  is  held  constant.  If  protective  current  is  re- 
duced or  interrupted,  alkaline  products  attack  the  metal  S 

(lead  and  aluminum).  It  is  advisable  to  keep  cathodic  pro- 
tection current  continuous  to  avoid  corrosion  by  cathodic  , j 

products . 

i 

Examples  of  differential  environmental  cells  are  shown  in 
Figures  4-15  through  4-18.  Note  that  variations  in  mois- 
ture content,  availability  of  oxygen,  change  in  soil  resis- 
tivity, or  variations  of  all  three  sometimes  occur.  As  in 
all  corrosion  phenomena,  environmental  changes  or  varia- 
tions are  a contributing  factor. 

4.4  BACTERIOLOGICAL  CORROSION.  It  has  been  known  for 
several  years  that  one  phase  of  corrosion  is  due  to  anaero- 
bic soil  bacteria.  Corrosion  takes  place  as  a result  of 
sulfate-reducing  bacteria.  This  is  not  found  in  all  soils. 

Some  pipe  coatings  are  thought  to  serve  as  food  for  bacter- 
ia. 

The  mechanisms  by  which  microbiological  corrosion  takes 
place  are  obscure  in  many  cases.  The  general  effect,  how- 
ever, Is  to  create  a change  or  difference  In  local  condi- 
tions. Organisms  can  contribute  to  corrosion  by  any  or  all 
of  the  following: 

Creating  differential  electrolyte  concentration  cells 
on  the  metal  surface 

Creating  a corrosive  environment  as  a result  of  their 
life  cycle  and  products  of  decomposition 

Acting  as  either  anodic  or  cathodic  depolarizers. 

4.4.1  Forms  of  Microorganisms.  In  almost  any  soil  or 
water,  there  are  many  varieties  of  microorganisms.  Both 
aerobic  (oxygen  using)  and  anaerobic  (nonoxygen  using)  can 
exist  In  a given  environment  in  varying  quantities,  depend- 
ing on  conditions  of  nutrition,  temperature,  moisture,  sea- 
son, and  similar  factors.  Aerobic  bacteria  will  naturally 
occur  in  quantity  where  oxygen  is  readily  available;  anaer- 
obic bacteria  occur  most  plentifully  where  oxygen  is  not 
readily  available.  Both  varieties,  however,  may  exist  side 
by  side  in  a given  environment,  and  members  of  both  groups 
can  cause  corrosive  conditions.  The  anaerobic  sulfate- 
reducing  bacteria,  Sporovibris  desulfuricans,  are  gener- 
ally believed  to  be  the  most  responsible  for  corrosion  of 
ferrous  materials.  Such  bacteria  are  exceedingly  prevalent 
and  cause  extensive  damage.  The  mechanisms  by  which  bac- 
teria promote  corrosion  have  been  studied  both  in  the  field 
and  In  the  laboratory.  A number  of  reactions  that  take 
place  under  environmental  conditions  favorable  to  anaero- 
bic bacterial  corrosion  have  been  defined  as  a result  of 
such  investigative  work. 
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4.4.2  Favorable  Environments.  Corrosion  caused  by  anaer- 
obic bacteria  occurs  In  soil  and  both  fresh  and  salt  water. 
The  necessary  conditions  are  the  lack  of  oxygen  and  the  pre- 
sence of  sulfates.  Such  states  occur  in  bogs;  water-logged 
soils,  such  as  heavy  clays  and  swamps;  contaminated  waters; 
and  stagnant  low-oxygen-content  fresh  waters . Water  contain- 
ing waste  from  paper-making  operations  is  especially  rich  in 
sulfate -reducing  bacteria.  Anaerobic  bacteria  are  a chronic 
source  of  trouble  in  paper  manufacturing.  Because  corrosion 
usually  takes  place  in  the  presence  of  oxygen,  it  is  impor- 
tant to  realize  that  corrosion  caused  by  anaerobic  bacteria 
takes  place  where  there  is  a deficiency  of  oxygen.  Corros- 
ion can  occur  both  on  the  Inside  and  on  the  outside  of  pip- 
ing and  tanks  where  there  is  a deficiency  of  oxygen. 

Piping  and  tanks  containing  water  that  is  deficient  in  oxy- 
gen may  suffer  from  corrosion  caused  by  anaerobic  bacteria. 

A common  example  is  a water  tower  that  is  used  for  stand-by 
fire-fighting  purposes.  Because  the  water  must  be  available 
at  all  times,  it  is  allowed  to  become  stagnant.  Bacterial 
growth,  accompanied  by  oxygen  deficiencies  in  the  water,  may 
result  in  corrosion. 

4.4.3  Corrosion  Products . Corrosion  products  associated 
with  anaerobic  bacterial  corrosion  are  black  and  consist  of 
compounds  which  Include  ferrous  sulfide  in  the  case  or  iron 
or  steel.  They  are  easily  recognized  when  examined  immedi- 
ately after  excavation  - a gray  "frost " covers  the  black 
"paste".  When  the  paste  is  washed  from  steel  with  water, 
shiny  bright  metal  appears  under  it.  Corrosion  attack  is  a 
"slabbing"  (tree  bark  appearance),  rather  than  pitting. 

4.5  SEIECTIVE  DISSOLUTION . "Selective  dissolution"  re- 
fers to  the  removal,  by  corrosion,  of  one  of  the  materials 
that  make  up  an  alloy.  Dissolved  material  Is  always  anodic 
to  the  remainder. 


Selective  dissolution  Is  characterized  by  Increased  brittle- 
ness, extreme  lowering  of  tensile  strength,  porosity,  anc1 
in  many  cases  a color  change.  At  times,  no  visible  loss  of 
metal  Is  evident  such  as  cracks  or  pits  in  the  metal  surface 
Often  the  surface  roughens  somewhat.  Sometimes  referred  to 
as  selective  leaching  or  dealloying,  this  type  of  corrosion 
also  Is  named  according  to  the  alloy  involved.  "Pe-zincifi- 
cation"  of  brass  (removal  of  zinc)  and  "graphitization"  of 
cast  iron  (removal  of  iron,  leaving  graphite)  are  among  the 
most  commonly  observed  examples  of  selective  dissolution. 

Dezlnclfication  of  brass  occurs  In  water  which  is  high  in 
carbon  dioxide  content,  l.e.  soft  water.  Here  corrosion  is 
increased  by  chlorides  in  the  water,  stagnation  and  high 
water  temperature.  Dezlnclfication  appears  as  a color 

change,  distinctly  reddish.  Often,  "plug  type" 


dezincification  occurs.  A localized  area  is  attacked,  leav- 
ing a plug  of  porous  copper  in  the  metal  wall. 

Cast  and  ductile  iron  oft§n  exhibit  selective  dissolution 
known  as  graphitizatlon  in  salt  water,  acid  soil  and  solu- 
tions, or  in  areas  high  in  sulfate  content. 

Cast  and  ductile  iron  differ  from  steel  in  that  they  consist 
of  flakes  or  nodules  of  graphite  (carbon)  in  an  iron  matrix. 
Corrosion  of  these  metals  causes  a loss  of  the  ferritic  con- 
stituent, thus  leaving  the  graphite  and  products  of  corros- 
ion. This  phenomenon,  graphitizatlon,  affects  cast  and  duc- 
tile iron  about  the  same.  Qraphitized  pipe  often  retains 
the  appearance  of  sound  pipe,  leading  observers  to  believe 
that  the  structure  has  remained  corrosion  free  for  many 
years.  However,  it  responds  with  a dull  sound  when  struck 
with  a metal  object  and  can  easily  be  "dug  into"  with  a 
screw  driver.  It  lacks  the  strength  of  the  original  iron. 

If  not  subjected  to  external  or  internal  stress,  graphitized 
pipe  will  often  give  long,  leak-free  service. 

Three  types  of  graphitizatlon  are  surface,  plug,  and  com- 
plete. Surface-type  graphitizatlon  results  in  the  formation 
of  a graphite  film  on  the  pipe.  Corrosion  then  virtually 
ceases  and  iron  beneath  the  film  remains  intact.  This  is 
expected  in  uniform,  high  resistivity  soils.  Romanoff 
(reference  6)  has  shown  that,  in  well-drained  soils  of  res- 
istivity above  5,000  ohm- cm,  corrosion  of  cast  iron  proceeds 
at  a rapid  rate  for  3-5  years  and  then  slows  to  an  insigni- 
ficant rate.  Surface-type  graphitizatlon  may  well  account 
for  this  phenomenon. 

Plug-type  graphitizatlon  leads  to  the  development  of  plugs 
of  graphite  in  the  pipe  wall.  Plugs  occur  at  anodic  pipe 
areas,  often  caused  by  heterogeneous  backfills.  For  exam- 
p] e : clods  of  clay  may  become  mixed  with  sand.  Failures 

occur  when  plugs  blow  out  from  increased  water  pressure, 
water  hammer,  or  when  an  external  stress  causes  the  pipe  to 
break  at  areas  weakened  by  them.  A failure  Is  usually 
characterized  by  a large  hole  In  the  pipe  wall.  (Figur° 
4-19.) 

The  ultimate  in  cast-iron  corrosion  is  complete  graphitiza- 
tion.  Here,  all  the  Iron  constituents  have  been  lost  ar^ 
only  a graphite  shell  remains.  Such  pipe  may  give  leak- 
free  service  provided  It  is  not  subjected  to  stresses. 
Stresses  are  often  created,  however,  by  heavy  vehicles, 
nonflexible  pice  Joints,  soil  conditions,  watter  hammer, 
and  beam  action.  As  the  graphite  shell  retains  little 
strength,  it  cracks,  often  circumferentially.  As  pipe 
appears  sound,  such  failures  are  not  often  recognized  as 
corrosion  but  are  usually  referred  to  merely  as  "main 
breaks " . 
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4.6  EXFOLIATION.  Exfoliation  is  a phenomenon  in  which 
entire  layers  of  the  metal  are  corroded  away,  beneath  the 
surface.  Resulting  corrosion  products  are  expansive  and 
force  the  grains  apart,  giving  the  corroded  metal  a lamin- 
ated appearance.  Blistering  and  lamellar  separation  are 
often  observed.  In  extreme  cases  the  edge  of  a corroded 
sample  may  resemble  a warped  and  broken  deck  of  playing 
cards . 

generally  instigated  by  cold  work,  exfoliation  has  been 
successfully  prevented  by  heat  treatment  and  alloying. 
Aluminum  and  aluminum  alloys  are  most  often  associated  with 
this  deterioration. 

4.7  CAVITATION.  Cavitation  is  a form  of  erosion  corros- 
ion which  occurs  when  liquid  in  contact  with  a metal  sur- 
face is  subjected  to  rapidly  changing  pressure.  Water 
under  high  velocity  causes  turbulence.  This  turbulence  re- 
duces pressure  on  the  liquid  in  local  areas.  When  pressur ■* 
is  reduced  rapidly  at  a local  area,  boiling  occurs,  forming 
small  cavities  of  vapor.  The  return  of  pressure  to  normal 
causes  an  implosion  as  cavities  collapse,  resulting  in  high- 
speed liquid  impact  on  the  metal  surface.  The  metal  surface 
work-hardens , roughens,  and  cracks  by  fatigue,  causing  a 
deep,  spongy  pitting. 

In  metals  normally  protected  from  corrosion  by  a surface 
film,  the  implosion  breaks  the  film  resulting  In  damage  to 
the  metal  surface.  Cavitation  in  domestic  copper  hot  water 
lines  is  frequently  observed.  The  use  of  nore  resistant 
alloys  or  design  criteria  which  minimize  areas  of  turbulence 
will  improve  metal  performance. 

Cathodic  protection  has  also  proved  successful  to  reduce 
cavitation  damage  for  many  materials  and  corrosives.  In 
particular,  galvanic  anodes  have  been  attached  to  ship  hulls 
In  the  region  of  expected  damage  from  propellers.  These 
successfully  prevent  hull  deterioration  from  cavitation . 
Cavitation  of  a pump  impeller  after  operation  in  sea  water 
Is  shown  in  Figure  4-20. 

4.8  IMPINGEMENT.  Cavitation  is  often  accompanied  by 
another  form  of  erosion  corrosion  - Impingement.  Fast-mov- 
ing liquids  with  entrained  solids  or  gases  often  result,  t 
this  form  of  corrosion.  Abrasion  due  to  rapidly  moving  liq- 
uid and  entrained  particles  wears  away  the  metal's  protec- 
tive surface  film.  Repetitive  destruction  of  this  film 
gives  rise  to  a pattern  of  localized,  smooth-bottomed  pits. 
These  pits  are  characterized  by  undercutting  metal  in  the 
direction  of  flow  and  a lack  of  corrosion  products  (Figure 
4-21).  It  is  generally  thought  that  impingement  damage  is 
not  appreciable  below  a threshold  velocity  characteristic 

of  the  metal,  the  temperature,  and  the  specific  fluid  in 
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Figure  4-20 

CAVITATION  CORROSION  OF  PUMP  IMPELLER 
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question. 

4.9  FRETTING  CORROSION.  The  mechanism  of  fretting  cor- 
rosion, which  occurs  on  closely  fitted  metal  parts  under 
load  and  vibration,  is  not  well  known.  A common  example 
is  a ball-bearing  race  pressed  on  a shaft.  When  fretting 
corrosion  takes  place,  the  contacting  surfaces  become  pitted 
in  areas.  Even  forced  and  shrunk  fits  are  subject  to  this 
type  of  corrosion.  The  damage  to  steel  is  evident  from  a 
deposit,  usually  red  in  color,  that  forms  at  the  interface, 
resulting  from  the  pitting  of  the  metal.  Such  damage  cre- 
ates uncertainty  in  the  operation  of  machinery  because  it 

destroys  close  tolerance  and  increases  the  possibility  of  j 

failure . : 

* 

j 

Two  theories  have  been  advanced  to  explain  the  rate  of  cor-  ; 

rosion  in  fretting.  The  first  theory  suggests  that  heat  j 

from  friction  between  the  rubbing  surfaces  results  in  weld-  j 

ing  and  subsequent  fracture  and  crumbling  of  adjacent  sur-  \ 

faces.  These  particles  corrode  in  the  existing  environment,  J 

and  the  process  continues  on  the  roughened  surface. 

The  second  theory  proposes  that  relative  motion  of  the  sur-  : 

faces  wears  away  the  protective  film,  resulting  in  corrosion.  • 

! 

Fretting  is  observed  In  almost  all  alloys,  under  the  proper 

conditions.  This  form  of  corrosion  can  be  prevented  by  sev-  * 

eral  means.  Lubrication  between  the  surfaces  can  eliminate 

the  problem.  Roughening  the  surfaces  or  increasing  the  load  ; 

to  prevent  slip  will  often  help,  as  will  greatly  increasing 

the  relative  movement  at  the  interface.  The  use  of  Jiarder 

materials  may  also  mitigate  fretting  corrosion.  ; 

' t 

4.10  STRESS  CORROSION  CRACKING.  Stress  corrosion  cracking  ) 

Is  the  result  of  tensile  stress,  applied  or  residual,  com- 
bined with  a corrosion  environment.  It  is  a common  cause  of  j 

failure  In  many  alloys,  and  was  initially  observed  as  2 

"season  cracking"  of  brass  cartridge  casings  and  "caustic  . j 

embrittlement"  of  riveted  steam  boilers.  Stainless  steel  is  I 

especially  susceptible,  and  even  exotic  metals  often  fall  j 

prey  to  stress  corrosion  under  specific  conditions.  # \ 

# 

It  is  generally  thought  that  the  tensile  strength  needed  tc  ; 

produce  stress  corrosion  must  be  above  the  metal's  yield 
strength,  although  conditions  vary  somewhat  depending  on  the  i 

environment.  The  stress  can  be  residual  stress,  as  caused 
by  cold-working  or  cold-forming,  or  it  may  result  from  weld-  , 

Ing  or  applied  loads.  Tensile-stress  components  are  requir- 
ed for  cracking.  ■ 

Only  mildly  corrosive  environments  are  necessary  to  produce 
stress  corrosion.  Without  the  stress',  these  environments 
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might  normally  not  cause  much  corrosion  damage,  it  is  the 
combination  of  tensile  stress  and  corrosive  environment 
which  results  in  failure  by  cracking. 

Stress  corrosion  cracks  may  be.  either  intergranular  or 
transgranular.  (Figures  4-22  and  4-23.)  In  either  case, 
there  is  little  actual  weight  loss;  failure  occurs  by  crack- 
ing. 

Austenitic  stainless  steels  are  especially  subject  to  this 
type  of  corrosion,  usually  in  environments  containing  chlor- 
ides. The  chlorides  concentrate  in  crevices  in  the  struc- 
ture and  result  in  costly  failures.  By  lowering  chloride 
content  of  the  environment  or  by  eliminating  crevices  In  the 
system  design,  some  relief  from  stress  corrosion  cracking  in 
these  materials  has  been  achieved. 

Another  form  of  stress  cracking  is  caused  by  hydrogen.  Hy- 
drogen in  the  atomic  state  can  permeate  the  lattice  of  many 
metals,  resulting  in  loss  of  ductility  (hydrogen  embrittle- 
ment). If  sufficiently  high  tensile  stress  Is  also  present, 
failure  by  hydrogen  cracking  may  occur.  This  type  failure 
Is  similar  in  appearance  to stress  corrosion  cracking.  It 
is  generally  transgranular,  but  may  follow  an  intergranular 
path.  Atomic  hydrogen  can  be  produced  on  a metal  surface 
by  a corrosion  reaction,  or  by  cathodic  protection.  Some  of 
the  hydrogen  atoms  combine  to  form  molecular  hydrogen  and 
evolve  as  a gas.  Other  atoms  are  absorbed  into  the  metal 
where  they  congregate  at  voids  or  other  lattice  defects. 

The  pressure  resulting  from  this  can  cause  cracking  In 
stressed  conditions  or  blistering  of  the  metal  surface. 
Prevention  of  hydrogen  embrittlement  and  cracking  Is  accom- 
plished by  eliminating  the  source  of  hydrogen  or  choosing 
less  susceptible  materials.  This  condition  is  common  in 
steels . 

4.11  CORROSION  FATIGUE.  Fatigue  failure  of  a metal  due 
to  repeated  cyclic  stresses  below  the  tensile  strength  is 
observed  in  non-corrosive  environments.  The  presence  of  a 
corrosive  environment  greatly  decreases,  often  by  as  much 
as  one-half,  the  stress  required  for  failure.  The  acceler- 
ated cracking  failure  is  "corrosion  fatigue",  related  to 
stress  corrosion  cracking.  (Figure  4-24.) 

4.12  HIGH  TEMPERATURE  CORROSION.  Oxidation  is  the  most 
common  high  temperature  corrosion  reaction.  Oxidation,  like 
most  reactions,  increases  in  rate  with  temperature,  but 
whether  this  increase  helps  or  hurts  a metal's  corrosion  re- 
sistance depend^  on  the  specific  case.  Often,  high  tempera- 
ture corrosion  results  in  production  of  thick  continuous 
scale  which  covers  the  metal  surface  and  acts  as  a barrier 
to  further  corrosion.  Sometimes,  however,  this  scale  is  not 
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Figure  4-24 

CORROSION  FATIGUE  OF  COPPER  TUBE 
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continuous,  but  full  of  blisters.  The  oxide  layers  spall  or 
crack,  and  further  corrosion  occurs. 


Sulfides,  nitrides  and  carbides  also  form  more  rapidly  at 
high  temperatures.  Serious  corrosion  problems  can  arise  if 
concentrations  of  offending  compounds  in  the  environment  are 
not  kept  low.  Often  alloying  changes  can  reduce  the  effects 
of  high  temperature  corrosion  appreciably. 

4.13  STRAY  CURRENT  CORROSION. 

4.13.1  General . Stray  current  corrosion  is  the  result  of 
current  (usually  man-made)  flow  through  paths  other  than  the 
intended  circuit.  While  direct  current  (DC)  is  generally 
thought  of  as  the  source  of  this  type  of  corrosion,  alterna- 
ting current  (AC)  has  also  been  associated  with  it.  Stray 
current  corrosion  is  electrochemical,  as  is  galvanic  corros- 
ion. It  occurs  where  current  leaves  metal  surfaces.  This 
is  usually  on  external  surfaces  of  buried  or  submerged  pipes 
or  cables.  However,  internal  pipe  surfaces,  in  contact  with 
low-resistant  fluids  mechanically  coupled,  have  also  been  a 
problem.  Current  always  takes  the  path  of  least  resistance 
back  to  its  source,  and  metals,  being  very  conductive,  are 
an  attractive  path.  Stray  currents  will  flow  from  their 
source  through  an  electrolyte  to  a metal  structure,  move 
along  the  metal,  and  return  to  the  source  through  the  elec- 
trolyte. Metal  will  be  a cathode  where  current  Is  picked 
up,  and  an  anode  where  it  is  discharged.  Thus  corrosion 
will  proceed.  (Figure  k-25.) 

As  with  other  types  of  corrosion,  stray  current  can  result 
In  severe  metal  losses.  Steel,  for  example,  corrodes  at  the 
rate  of  20.1  pounds  per  year  for  each  ampere  of  current  flow. 
Lead  loses  74.5  pounds  per  ampere-year. 

Stray  current  corrosion  does  not  generally  look  different 
than  ordinary  soil  corrosion.  Electrical  measurements  are 
needed  to  detect  it.  Stray  current  can  be  detected  by  mea- 
suring structure-to-soil  potentials  and  current  flow  (IR 
drop).  Structure-to-soil  potentials  will  give  Indications 
only  when  measured  In  an  area  of  current  discharge  or  pick 
up.  Current  flow  (IR  drop)  readings  will  Indicate  in  be- 
tween the  pick  up  and  discharge  areas  where  structure-to- 
soil  potential  would  show  nothing  (paragr^nh  6.1.2.2.c). 
Recording  Instruments  and  special  techniques  are  required. 

4.13.2  Stray  Direct  Current  Corrosion.  The  many  sources 

of  direct  stray  current  can  be  divided  into  two  general 
categories:  fluctuating  or  steady.  Stray  current  charac- 

teristics (fluctuating  or  steady)  can  be  observed  from 
charts  of  recording  Instruments. 
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Figure  4-25 

STRAY  CURRENT  CORROSION  OF 
UNDERGROUND  CAST  IRON  PIPE 
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l|lluf:i,  gating  Direct  Current . Fluctuating 
stray  current  is  leakage  from  equipment  which  does  not  oper- 
ate continuously  or  at  constant  output.  Among  the  most 
prominent  sources  are:  direct  current  power  systems,  elec- 

tric railways,  railway  signal  systems,  direct  current  in- 
dustrial generators,  direct  current  mine  equipment,  eleva- 
tor motors,  direct  current  welding  equipment,  electronic 
equipment  that  allows  direct  current  components  to  escape, 
electric  furnaces,  electroplating  equipment,  grounded  neu- 
tral direct  current  electrical  systems,  and  "magnetic 
storms"  producing  telluric  currents. 


One  frequent  cause  of  fluctuating  stray  current  corrosion  is 
the  improper  grounding  of  welding  generators  used  in  repair 
work.  The  improper  and  proper  grounding  of  a welding  gen- 
erator are  shown  in  Figure  4-26.  When  a direct  current  gen- 
erator is  improperly  grounded,  corrosion  damage  can  be 
caused  to  the  underground  or  underwater  metallic  structures 
in  the  area. 


Mass  transit  systems  (subways,  surface  traction  cars,  etc.) 
operate  on  D.C.  with  rails  returning  current.  All  operating 
and  proposed  transit  systems  let  some  leakage  current  get  in- 
to the  ground.  (Figure  4-27.)  This  is  because  they  use  run- 
ning rails  for  returning  current  to  substations.  Fourth 
rails  or  overhead  catenaries  have  been  ruled  out  as  too  cost- 
ly. However,  transit  system  designers  now  realize  that  prob- 
lems develop  and  are  designing  to  minimize  leakage.  All 
welded  and  sometimes  heavier  rails  are  being  laid  on  high- 
density  concrete  ties  with  rubber  padding  under  the  rail. 
Substations  will  be  spaced  approximately  one  mile  apart  for 
the  modern  subway  as  compared  to  a three  to  five  mile  spac- 
ing for  the  old  surface  trolley  systems.  (Stray  current  is 
reduced  six  times  by  changing  substation  spacing  from  four 
miles  to  one  mile.)  Track  cross  bonds,  for  reduction  of 
rail  circuit  resistance,  are  normally  installed  at  2,000' 
intervals  in  subway  systems. 

Stray  current  from  transit  systems  varies  with  designs, 
maintenance  procedures,  soil  conditions,  and  configuration 
of  adjacent  utility  structures.  One  old  surface  streetcar 
system  is  known  to  permit  13#  to  20#  of  its  substation  load 
to  return  over  the  city  gas  distribution  system.  Old  subway 
systems  will  lose  only  5#  to  10#  of  this  amount,  while  the 
new  ones  are  expected  to  leak  only  1#  to  5#.  Substation 
current  capacity  is  usually  around  3,000  amperes  for  subways 
and  about  1,000  amperes  for  streetcars. 

Underground  mining  operations  produce  stray  currents  in  this 
same  way.  Mine  systems,  however,  often  produce  more  stray 
current  problems  than  transit  systems.  Frequently  they  are 
poorly-maintained  and  constructed  or  are  only  temporary  op- 
erations. Use  of  inferior  materials,  lack  of  bonding,  and 
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Figure  4-26 

CORRECT  AND  INCORRECT  GROUNDING  OF  WELDING  GENERATOR 


poor  upkeep  can  result  in  current  leakage  greater  than  50$. 
More  costly  methods  of  construction  and  corrosion  protection 
are  often  not  considered  because  these  systems  are  frequent- 
ly moved  as  new  mines  open  up  and  old  sections  are  closed 
down.  Another  cause  of  serious  stray  current  Is  connecting 
mine  car  rails  to  the  positive  terminal,  a practice  now  il- 
legal In  many  states.  This  produces  stray  currents  which 
cannot  be  drained  from  neighboring  burled  structures.  When 
necessary,  control  of  mine  system  currents  is  accomplished 
in  much  the  same  way  as  transit  systems. 

Another  fluctuating  stray  current,  not  man-made,  is  tellur- 
ic current.  These  occur  during  periods  of  "magnetic  storms" 
caused  by  sunspots.  Variations  in  the  earth's  magnetic 
field  at  these  times  induce  voltages  on  underground  struc- 
tures, usually  pipes  or  cables,  running  east  and  west. 

Severe  currents  of  many  amperes  are  possible;  however,  their 
duration  is  usually  quite  short. 

4.13.2.2  Steady  Direct  Current.  Steady  stray  direct 
current  results  from  machinery  which  produces  a continuous., 
constant  level  of  current.  Examples  are:  battery  chargers, 

electroplating,  and  cathodic  protection  systems. 
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Figure  4-27 

STRAY  CURRENT  CORROSION 


Impressed  current  cathodic  protection  is  probably  the  most 
common  source,  because  of  its  prevalence  on  cross-country 
pipelines,  gas  and  electric  distribution  systems,  and  the 
increase  in  total  pipeline  mileage.  Properly  designed  cath- 
odic protection  will,  however,  result  in  no  more  than  or 
10#  leakage  on  adjacent  structures.  This  is  usually  easily 
mitigated  by  cooperation  between  owners. 

4.13.2.3  Effects  of  Direct  Stray  Current.  Severe,  lo- 
calized corrosion  can  occur  where  stray  direct  current  leaves 
a metal  structure  (Figure  4-28),  whether  current  is  fluctua- 
ting or  steady.  (See  Table  3_2  for  metal  losses  due  to  cur- 
rent flow.)  In  above-ground  construction,  such  as  electro- 
plating equipment,  particularly  when  high  voltages  are  used, 
stray  current  can  be  an  electrical  hazard  as  well  as  a 
source  of  corrosion.  It  is  difficult  to  achieve  adequate 
insulation  in  plating  rooms;  leakage  currents,  although  a 
small  percentage  of  the  total  current,  may  cause  consider- 
able damage,  chiefly  because  the  amperage  used  in  electro- 
plating  is  extremely  high.  In  addition  to  plating  equipment, 
all  the  causes  previously  listed  can  result  in  corrosion 
within  buildings.  Unfortunately,  the  resulting  corrosion  is 
not  necessarily  limited  to  portions  of  metal  structures  that 
are  underground.  Pipes  running  through  moist  walls,  column 
footings,  and  other  structural  members  may  experience 
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localized  corrosion  where  the  current  leaves  the  structures. 

Stray  current  can  emanate  from  within  a military  installa- 
tion or  from  some  source  external  to  it.  Probably  the  most 
frequent  source  of  stray  current  in  either  case  is  impress- 
ed current  cathodic  protection,  although  direct  current 
welding  systems  may  be  severe. 

Control  of  stray  direct  current  is  generally  most  effective- 
ly accomplished  by  drainage  bonds  (paragraph  5.7).  A drain- 
age bond  is  located  at  a convenient  point,  not  necessarily 
at  the  point  of  greatest  positive  structure-to-soil  potent- 
ial change.  The  required  bond  resistance  can  be  calculated 
from  field  measurements,  or  established  by  "trial  and  error", 
(paragraph  6.I.2.2.C.)  If  the  "critical"  point  is  corrected 
by  this  method  to  its  original  potential  (reading  before 
stray  current  flowed),  other  test  points  on  the  3ame  struc- 
ture will  automatically  be  corrected.  Some  engineers,  who 
do  not  like  to  interconnect  pipelines,  will  install  a few 
magnesium  anodes  at  the  "critical"  point.  This  will  usually 
correct  only  the  local  area  directly  opposite  the  anodes. 

Stray  direct  current  problems  from  cathodic  protection 
systems  can  be  minimized  in  the  design  phase  (paragraph 
7.3*3).  Geometric  location  of  anodes  with  respect  to  for- 
eign structures  is  the  most  important  single  factor  to  con- 
sider. All  companies  in  an  area  should  cooperate  so  that 
complicated  problems  do  not  arise.  Coordinating  committees 
have  been  formed  in  major  U.S.  metropolitan  areas  to  act  as 
information  "clearing  houses". 

4.13.3  Stray  Alternating  Corrosion.  Corrosion  by  stray 
alternating  current'  is  a complex  phenomenon,  not  yet  fully 
understood.  Stray  alternating  current  produces  highly-loca- 
lized corrosion  similar  to  that  caused  by  direct  current, 
but  only  a fraction  as  intense.  Stray  alternating  current 
is  generally  thought  to  produce  about  1$6  as.  much  corrosion 
as  a like  amount  of  direct  current.  This  is  the  result  of 
the  direct  current  component  of  alternating  current,  which 
reacts  with  metal  as  does  normal  direct  current. 

Under  certain  conditions,  alternating  currents  may  be  recti- 
fied in  passing  through  and  off  a metal  structure  producing 
a direct  current  component.  In  such  cases,  stray  current 
corrosion  will  result.  That  effect  has  been  found  to  be- 
come less  active  with  time  in  most  reported  cases.  Damage 
from  partially  rectified  alternating  currents  has  been 
found  in  the  vicinity  of  large  substations,  central  power 
stations,  gas  and  water  distribution  systems,  and  other 
places  where  ground  currents  can  be  excessively  heavy, 
(reference  7.) 
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Damage  to  a lead  gooseneck  Is  shown  in  Figure  4-29.  This 
damage  ocourred  within  a month  after  installation  in  a heavy- 
ground -current  area.  It  is  believed  to  have  been  caused  by 
rectified  alternating  current.  Corrosion  of  aluminum  cable 
submerged  in  water  when  subjected  to  alternating  current  has 
been  confirmed  experimentally  in  the  laboratory.  An  explan- 
ation of  this  type  of  corrosion  is  that  during  one  half- 
cycle when  the  aluminum  is  at  negative  polarity,  sodium  hy- 
droxide forms  next  to  the  aluminum.  This  dissolves  alumi- 
num's normally  protective  film  and  some  of  the  aluminum. 
During  the  next  half-cycle,  the  current  flows  from  the  al- 
uminum into  the  electrolyte,  thus  removing  some  of  the  alum- 
inum by  electrolysis  and  partly  by  re-forming  the  film.  In 
time,  the  layer  of  corrosion  products  formed  maintains  an 
alkaline  condition  at  the  aluminum  surface  in  spite  of  alter- 
nation of  polarity.  This  is  due  to  partial  rectification  of 
alternating  current. 

In  the  absence  of  current,  aluminum  is  anodic  to  copper. 

When  immersed  in  salt  water,  galvanic  current  flows  from  al- 
uminum through  the  electrolyte  to  the  copper,  resulting  in 
the  corrosion  of  the  aluminum.  When  alternating  current  is 
impressed  between  aluminum  and  copper,  the  flow  of  galvanic 
current  will  be  neutralized  by  the  larger  current  resulting 
from  partial  rectification  of  the  alternating  current.  Cur- 
rent flow  then  is  from  the  copper  through  the  electrolyte  to 
the  aluminum.  This  will  result  in  corrosion  of  copper  to  al- 
uminum due  to  partial  rectification  of  the  alternating  cur- 
rent . 

Alternating  current  induced  on  well-coated  underground  struc- 
tures may  also  result  in  stray  current  corrosion.  When  over- 
head electrical  transmission  lines  are  located  above  such  a 
structure,  it  acts  as  an  induction  coil  to  produce  alternat- 
ing current  voltage  across  the  coating.  The  resultant  induc- 
ed alternating  current  is  a possible  cause  of  corrosion.  In 
addition,  it  Is  a safety  hazard  which  should  be  controlled. 

4.14  IDENTIFYING  CORROSION  AND  ITS  SOURCES.  Determining 
structural  failure  cause  is  often  a complicated  procedure. 
Sometimes  a failure  appearing  to  be  strictly  mechanical  is 
actually  the  result  of  corrosion. 

Corrosion  takes  many  forms,  depending  on  the  material,  its 
state,  the  environment,  and  the  time  involved.  It  may  be 
very  localized,  confined  to  a tiny  pinhole.  Or  it  may  take 
the  form  of  general  deterioration  of  an  entire  surface. 

There  may  be  a weight  gain  or  loss  involved.  For  under- 
ground or  submerged  structures,  visual  examination  may  be 
impractical  or  impossible;  electrical  measurements  are  most 
often  used  to  locate  corroding  areas  and  determine  whether 
or  not  corrosion  is  being  controlled. 
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4.14.1  Visual  Examination. 


4.14.1.1  Macroscopic.  Visual  examination  of  a corrod- 
ed structure  can  reveal  much  about  the  mechanisms  and  sour- 
ces of  corrosion.  The  structures  should  be  checked  for  gen- 
eral appearance,  for  corrosion  products,  for  pits  or  cracks 
or  any  specific  pattern.  Metals  do  not  merely  "rot";  they 
corrode  because  of  some  unfavorable  conditions  which,  if 
recognized,  may  be  avoided  or  overcome  to  prevent  further 
failures. 

a.  General  Corrosion.  General  corrosion,  or  uni- 
form attack,  is  overall  deterioration  of  a structural  sur- 
face. There  is  no  distinct,  localized  area  of  attack,  but 
a gradual,  more-or-less  evenly  distributed  destruction. 
Although  this  type  of  corrosion  is  probably  the  most  common, 
it  is  also  relatively  simple  to  deal  with.  No  catastrophic 
failures  are  expected,  because  failure  from  uniform  attack 
is  a function  of  time.  It  is  relatively  predictable  and 
can  be  dealt  with  by  whatever  means  is  most  economical: 
extra  wall  thickness,  more  resistant  materials,  coatings, 
insulation,  cathodic  protection,  or  others. 

b.  Pitting.  Pitting  Is  localized  attack  which  pro- 
duces cavities  in  the  metal  surface.  These  cavities  begin 
at  the  Surface  and  sometimes  fill  up  with  corrosion  product, 
forming  mounds.  These  mounds  or  "tubercles"  (Figure  4-30) 
can  be  removed  chemically  or  physically  to  reveal  deep  pit- 
ting underneath.  The  pits  themselves  are  generally  roughly 
hemispherical  or  conical  in  shape.  Sometimes  they  are 
angled  from  the  perpendicular;  often,  they  are  not. 


This  attack  is  especially  dangerous  because  perforation  can 
result  even  though  little  corrosion  has  occurred  overall. 
(Figure  4-31-)  Perforation  can  be  an  expensive  problem,  re- 
sulting In  leakage  and  equipment  failure. 


Pitting  goes  through  four  stages  on  a metal  surface: 

(l)  initiation,  (2)  propagation,  (3)  termination,  and  (4) 


re-initiation.  Pitting  usually  initiates  on  a metal  surface 
covered  with  a thin,  adherent  film.  Pits  develop  at  breaks 
or  weak  points  in  the  film,  these  points  being  naturally 
anodic  to  the  remaining  surface  (Figure  4-32). 


The  pit  propagates  at  a rapid  rate,  due  to  alterations  in 
the  environment . As  a result  of  corrosion,  the  region  sur- 
rounding the  anode  (pit)  area  becomes  more  acidic  while  that 
surrounding  the  cathode  becomes  alkaline.  Because  of  the 
"area  effect"  (large  cathode  and  small  anode),  the  penetra-- 
tlon  rate  is  quite  high.  However,  this  decreases  with  time, 
a3  more  pits  form  and  the  relative  areas  become  more  similar. 
Pitting  terminates  for  many  reasons:  filling  up  the  cavity 

with  corrosion  product,  drying  out  of  the  surface,  changes 
in  the  environment,  etc.  Re-lnltlatlon  occurs  as  the  result 
of  similar,  but  opposite  changes'. 
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Figure  4-32 
PITTING  CORROSION 


Stray  current  also  can  produce  pitting.  rn  fact,  wherever 
a current  leaves  a metal  surface,  pits  may  appear.  Galvan- 
ic cells  of  all  sorts  fall  into  this  category,  and  stray 
current  corrosion  cannot  normally  be  identified  as  such 
visually. 

Impingement  of  entrained  solids  or  gases  in  a moving  liquid 
stream  can  damage  a metal's  protective  film  and  produce 
deep,  angled  pitting.  Cavitation  can  do  likewise,  as  the 
shock  of  implosion  breaks  up  the  film. 

Pitting  may  occur  in  crevices  or  stagnant  areas  where  con- 
centration gradients  exist  in  the  environment  (Figure  4-33). 
It  Is  frequently  observed  In  stainless  steel,  copper,  alum- 
inum, magnesium  and  titanium  as  a result  of  their  surface 
films.  Pitting  of  other  metals  occurs  under  circumstances 
discussed  above.  Treatment  of  this  problem  may  require 
changing  to  a less  susceptible  metal  or  altering  the  speci- 
fic conditions  depending  on  the  sources. 

c.  Cracking.  Cracking  of  metal  due  to  corrosion 
generally  falls  Into  one  of  two  categories:  stress  corros- 

ion and  Intergranular  corrosion.  Stress  corrosion,  discus- 
sed previously  (Figures  4-22  and  4-2 3) , Is  the  result  of 
combined  tensile  stresses  and  corrosive  surroundings  to  a 
susceptible  alloy.  It  Is  generally  thought  that  pure  metals 
are  not  subject  to  this  type  of  destruction.  Cracks  form 
either  inter-  or  t ran s- granular ly,  and  may  fluctuate  from 
path  to  path.  Aluminum  alloys,  brasses,  and  low-carbon 
steels  generally  exhibit  intergranular  stress  corrosion  or 
cracking.  Other  metals,  especl  illy  the  300  series  stain- 
less steels,  crack  transgranularly. 

Intergranular  corrosion  is  selective  attack  fo.L;.  wing  a path 
along  the  grain  boundaries  of  the  metal.  Individual  or 
groups  of  outer  layer  grains  may  drop  out  of  the  structure; 
tensile  strength  decreases,  and  surface  cracking  is  apparent. 
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The  mechanism  of  this  attack  is  galvanic;  a potential  dif- 
ference develops  between  the  grain  and  its  boundary.  The 
difference  may  be  one  of  cher.  leal  composition  caused  by 
cold  work  or  heat  treatment  of  the  metal.  Grains  are 
always  under  slightly  different  stresses  than  their  bound- 
aries. Therefore,  cold  working  or  heat  treating  metal  can 
result  in  migration  of  an  alloying  element  or  Impurity  from 
the  grains  to  grain  boundaries.  Precipitation  there  may  re- 
sult, producing  a potential  difference  between  the  two 
regions.  If  precipitate  is  anodic  to  the  remainder  of  the 
grain,  intergranular  corrosion  will  proceed  along  the  path 
of  the  impurity.  If  the  precipitate  is  cathodic,  cracking 
occurs  in  the  region  immediately  adjacent  to  the  boundary. 
Intergranular  corrosion  is  most  often  observed  in  the  18-8 
stainless  steels,  in  aluminum,  and  copper  alloys. 

Once  cracking  is  observed  by  visual  examination,  the  micro- 
structure should  be  analyzed  to  determine  the  type  of  crack- 
ing that  has  occurred.  (Figure  4-34.) 

d.  Corrosion  Reaction  Products.  A visual  examina- 
tion of  the  products  of  corrosion  reactions  can  often  be 
helpful  in  determining  the  cause.  Different  products  may 
result  from  different  sources;  a lack  of  product  also  re- 
veals much  about  the  mechanism  of  deterioration.  The 
spatial  distribution  of  a corrosion  product  may  indicate 
the  source  of  the  problem,  as  in  the  case  of  knifeline  at- 
tack of  a weld.  However,  final  analysis  of  corrosion  prod- 
ucts usually  must  depend  on  more  sophisticated  means  of 
analysis,  such  as  X-ray  diffraction. 

Visual  examination  of  ferrous  metal  under  cathodic  protec- 
tion can  often  reveal  if  adequate  protection  has  been 
achieved.  Without  protection,  ferrous  metals  form  the  red- 
dish corrosion  product  ferric  oxide  (rust).  Cathodic  pro- 
tection current  chemically  changes  this  compound  to  black 
ferrous  oxide  (magnetite).  This  color  change  is  often 
apparent. 

4.14.1.2  Microscopic . Microscopic  analysis  of  a cor- 
rosion failure  can  add  much  to  the  picture  formed  by  visual 
examination.  Metallographic  analysis  is  probably  the  most 
helpful  laboratory  technique  for  determining  the  cause  of 
failure.  The  path  of  cracking,  whether  intergranular  or 
transgranular,  may  be  revealed.  Impurities  on  the  metal 
surface  can  be  located,  and  Improper  heat  treat Ing  or  ex- 
cessive cold  working  can  be  discovered,  other  defects  in 
the  microstructure  which  may  have  Influenced  corrosive 
tendencies  can  be  analyzed. 

Electron  microscopy  and  X-ray  diffraction  may  bo  employed 
to  determine  the  composition  of  reaction  products.  Other 
sophisticated  techniques  are  used  also,  but  :,o  a lesser  ex- 
tent, to  help  find  the  cause  of  actual  failure;  . 
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Figure  4-34 

TRANSGRANULAR  BRANCHING  CRACK 
ORIGINATING  FROM  TUBE  ID 
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4.14.2  Loss  of  Metal.  Corrosion  is  usually  accompanied 
by  a net  gain  or  loss  of  weight , as  metal  is  deteriorated 
and  perhaps  replaced  by  corrosion  products.  When  analyzing 
a corrosion  failure,  the  products  of  reaction  are  removed, 
and  the  weight  loss  is  measured  as  an  indication  of  corros- 
ion rate. 

Loss  of  metal  is  usually  measured  one  of  two  ways.  Either 
the  weight  loss  per  unit  area  per  unit  time  is  determined; 
or  the  loss  of  metal  thickness  (depth  penetration)  per  unit 
time  is  found.  The  former  is  commonly  taken  in  units  of 
mdd  (milligrams  per  square  decimeter  per  day);  the  latter, 
in  mpy  (mils  per  year).  It  is  debatable  as  to  which  method 
of  recording  metal  loss  is  more  appropriate.  The  former 
applies  well  in  situations  where  uniform  attack  prevails. 

The  latter  is  much  more  applicable  in  measuring  localized 
corrosion,  i.e.  pitting. 

4.14.3  Statistical  Analysis.  Statistics  on  failure 
rates  of  any  structures  can  determine  whether  corrosion  or 
physical  damage  is  responsible.  Once  corrosion  reaches  the 
point  where  failures  occur,  rate  of  failures  increases  each 
year.  Experience  has  shown  that  corrosion  failures  Increase 
logarithmically  (references  8 and  9).  Failures  due  to 
causes  other  than  corrosion  will  not  usually  exhibit  this 
curve  but,  generally,  follow  a straight  line  curve  (Figure 
4-35).  Here,  each  failure  has  been  examined  and  logged  as 
due  to  corrosion  or  noncorrosive  causes.  Corrosion  breaks 
continue  to  increase,  while  breaks  due  to  noncorrosive 
causes  remain  almost  constant.  Ah  increase  in  the  rate  of 
noncorrosive  breaks  occurred  In  1961.  The  curve  before 

and  after  1961,  however,  is  still  linear.  The  overwhelm- 
ing Influences  of  corrosive  failures  cause  the  total  leak 
curve  (failures  due  to  corrosive  and  noncorrosive  causes) 
to  assume  the  logarithmic  slope. 

Statistical  analyses  can  be  especially  useful  in  corrosion 
of  cast  Iron  pipes,  where  corrosion  failures  are  generally 
the  result  of  graphitization  (paragraph  4.5).  Here,  escap- 
ing water  may  wash  away  the  graphite  leaving  no  evidence 
that  corrosion  caused  the  break.  A record  of  breaks  exhib- 
iting the  characteristic  logarithmic  shape  will  reveal  cor- 
rosion as  the  true  cause. 

4.14.4  Electrical  Measurements.  Electrical  measure- 
ments are  employed  to  predict  a potentially  corrosive  situ- 
ation, and  have  actually  located  failures  underground. 
Corrosion  surveys,  to  determine  environmental  (soil  or 
water)  pH  and  resistivities  for  proposed  structures  can 
help  indicate  what  materials  should  he  used  and  whether 
corrosion  control  such  as  coatings  and  cathodic  protection 
will  be  needed.  When  a new  metal  - environment  combination 
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la.  expected  for  which  no  corrosion  behavior  data  Is  avail- 
able, laboratory  electrical  tests  can  be  helpful.  Where 
uniform  attack  Is  expected,  a sample  of  a metal  in  the  form 
of  a wire  Is  Immersed  In  the  corrosive  environment.  As  it 
corrodes,  its  cross-sectional  area  decreases.  Since  elec- 
trical resistance  in  a wire  is  an  inverse  function  of  cross- 
section,  a measure  of  the  increasing  resistance  indicates 
the  rate  of  corrosion.  This  procedure  is  possible  in  elec- 
trolytes other  than  liquids  and  is  relatively  simple.  Prob- 
lems arise  if  conductive  reaction  products  form  on  the  test 
specimen,  affecting  the  real  cross-sectional  area. 

Field  (job-site)  electrical  measurements  on  existing  struc- 
tures can  indicate  where  corrosion  is  occurring  or  expected. 
Potential  and  line  current  surveys  can  reveal  the  extent  to 
which  corrosion  has  progressed,  stray  currents-,  the  loca- 
tion of  "hot  spots",  and  if  electrical  continuity  exists. 

A complete  discussion  of  corrosion  survey  techniques  is 
found  in  Section  6. 

4.14.5  Chemical  Analyses.  As  mentioned  before.  X-ray 
diffraction  and  electron  microscopy  can  be  employed  to 
study  the  composition  and  structure  of  reaction  products. 
Other  techniques  such  as  X-ray  fluorescence,  electron-probe 
microanalysis  and  spectrographic  analysis  may  also  be  con- 
sidered. In  all  of  these  methods,  surface  contamination  of 
the  metal  can  greatly  interfere  with  a correct  analysis. 

Also,  variation  in  product  composition  from  point  to  point 
can  adversely  affect  the  study. 

Chemical  analysis  of  the  corrosive  environment  can  reveal 
the  source  of  corrosion.  Determination  of  soil  pH  and  the 
presence  of  sulfates  (indicating  anaerobic  bacteria)  is 
generally  included  with  corrosion  survey  measurements  to 
give  a more  complete  picture  of  environmental  corrosivity. 
Where  water  is  the  environment  or  is  carried  in  pipes,  ana- 
lyses of  water  composition  - dissolved  solids  and  gases, 
hardness  as  calcium  carbonate,  and  pH  - can  indicate  possi- 
ble sources  of  corrosion. 

4.15  SPECIFIC  MILITARY  PROBLEMS.  A military  installation, 
like  a city  or  industrial  complex,  commonly  experiences  cor- 
rosion in  many  forms.  Frequently,  bases  have  been  built  in 
a hurry,  during  times  of  crisis,  with  no  thought  to  corros- 
ion control.  A variety  of  metals,  interconnected  without 
insulation  or  other  corrosion  control  measures,  is  common 
in  existing  bases  (Figure  4-36).  Often  it  is  not  practical 
or  economical  to  protect  all  structures  which  are  corroding. 
Some  should  be  replaced,  when  failure  occurs,  with  better 
materials  and  better  engineering,  to  prevent  future  problems. 
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1 . Cost  iron  water  main  6.  550  got.  steel  fuel  oil  tank 

2.  Brass  service  stop  & copper  nipple  7.  Galvanized  steel  filler  pipe 

3.  Galvanized  steel  service  & header  8.  Galvanized  steel  vent  pipe 

4.  Copper  water  line  - under  slab  9.  Copper  suction  line 

5.  Galvanized  steel  elbow  - through  slab  10.  Copper  return  line 

Figure  4-36 

VARIOUS  METALS  AT  TYPICAL  MILITARY  BASE 


Others,  where  the  mission  or  economics  dictate,  require  cor- 
rosion control  without  repair  or  replacement. 

Proposed  structures  should  Include  corrosion  control  as  part 
of  their  design.  This  avoids  additional  expenditures  and 
inconvenience  caused  by  repairs  and  failures.  Military 
structures  coxmnonly  experiencing  corrosion  problems  are  ana- 
lyzed here.  A discussion  of  corrosion  control  is  included 
in  paragraph  5* 

4.15.1  Service  Lines.  Water,  gas,  and  oil  lines  (usually 
buried  or  submerged),  servicing  military  installations,  cor- 
rode for  many  reasons.  Often  various  metals  are  intercon- 
nected producing  galvanic  corrosion.  Other  conditions  may 
corrode  metals,  usually  ferrous  or  copper;  used  for  the so 
applications. 

4.15.1.1  Copper  Lines.  Copper  is  often  considered  rel- 
atively inert  to  corrosion . However,  copper  service  lines 
often  experience  external  corrosion  in  the  atmosphere  or  in 
some  soils,  especially  where  they  are  not  interconnected 
with  ferrous  metals.  Internal  corrosion  may  occur  in  domes- 
tic copper  water  lines.  In  the  atmosphere,;  copper  develops 
a thin  external  coating  or  patina  of  corrosion  products 
(mainly  copper  sulfides)  from  reaction  with  sulfur  dioxide. 
Once  formed,  this  patina  generally  protects  copper  from  fur- 
ther atmospheric  corrosion  by  acting  as  a barrier. 

Underground,  copper  lines  are  resistant  to  corrosion  in 
\ most  soils.  Exceptions  are  highly  alkaline  soils  and  those 

containing  organics  in  great  amounts. 

Another  cause  of  corrosion  in  underground  service  lines,  es- 
pecially copper,  is  lawn  fertilizer.  Nitrates  and  other 
corrosion  compounds  make  fertilizers  aggressive  to  metals. 
Underground  copper  lines  to  houses  are  often  min  fairly 
close  to  the  surface,  and  fertilizers  can  easily  wash  down 
to  the  level  of  these  pipes.  In  addition,  since  copper  is 
attacked  by  sulfur  compounds,  marshes  and  cinder-bearing 
soils  are  unacceptable  environments. 

Copper  receives  cathodic  protection  from  ferrous  metals, 
when  connected  to  them.  When  copper  is  not  connected  to 
ferrous  metals  (if  all  copper  or  copper  and  plastic  lines 
are  used),  no  protection  Is  received,  and  copper  may  cor- 
rode. It  Is  then  often  thought  that  corrosion  resulted 
from  environmental  conditions  in  which  copper  had  not  been 
tested  previously,  when  actually  it  occurred  because  no 
ferrous  metal  was  present  to  provide  cathodic  protection. 

I Copper  water  lines  are  subject  to  internal  attack  under 

J certain  conditions.  Obrecht  and  Quill  (reference  10)  have 
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shown  that  conditions  of  water  quality,  velocity,  and  tem- 
perature can  produce  erosion-corrosion  in  copper  and  copper 
alloy  distribution  systems.  For  aggressive  waters,  temper- 
atures above  l40°F  and  velocities  above  4 feet  per  second 
in  copper  piping  result  in  cavitation  erosion  (paragraph 
4-7),  deep,  spongy  pitting  of  the  metal  accompanied  by  ab- 
sence of  copper  corrosion  products.  For  less  aggressive 
waters,  8 feet  per  second  is  the  critical  velocity.  This 
effect  is  magnified  at  high  turbulence  areas  such  as  coup- 
lings. 

When  water  velocities  and  temperatures  cannot  be  maintained 
under  specified  limits,  modifying  water  quality  can  reduce 
cavitation.  Soft  waters  are  more  aggressive  than  hard 
waters.  Altering  pH  with  sodium  bicarbonate  or  sodium  hy- 
droxide will  make  soft  waters  less  aggressive  by  increasing 
their  scale-forming  tendencies.  Another  possibility  is  re- 
moving dissolved  carbon  dioxide  and  oxygen.  Other  chemical 
treatments  may  be  required  in  specific  cases.  Overly  high 
velocities  and  temperatures  should  be  avoided  in  design. 
Expansion  of  facilities  or  addition  of  high  temperature 
equipment  (industrial  dishwashers,  laundries)  often  re- 
quires new  distribution  system  designs  because  of  increased 
load  - temperature  and  velocity  - on  existing  lines. 

4.15.1.2  Steel.  Steel  and  galvanized  steel  pipe  are 
used  in  gas,  oil  and  water  distribution  systems.  Corrosion 
of  these  materials  occurs  in  many  environments  encountered 
in  military  projects.  One  common  situation  is  the  galvanic 
cell  between  steel  and  other  materials  such  as  copper  (para- 
graph 4.2.1).  Severe  corrosion  of  steel  adjacent  to  other 
metal  often  results.  Use  of  proper  insulation  or  other  cor- 
rosion control  can  prevent  this.  All  ferrous  metals  - steel, 
cast  iron,  etc.  - corrode  at  approximately  the  same  rate. 
Steel  lines  often  fall  more  rapidly  than  cast  iron,  however, 
because  their  walls  are  thinner.  Also,  since  steel  does  not 
contain  free  graphite  like  cast  iron,  graphitlzation,  where 
the  metal  corrodes  leaving  a weakened  but  often  still  solid 
structure,  cannot  occur.  When  steel  corrodes,  the  walls 
thin  or  pit.  (Figure  4-37.) 

Steel  lines  in  soils  may  often  corrode.  Differential  en- 
vironment conditions  can  produce  pitting  or  general  corros- 
ion. Oxygen  concentration  cells  may  induce  severe  corros- 
ion on  bottom  surfaces.  Organic  material  - leaves,  wood, 
etc.  - in  soil  feed  sulfate -reducing  bacteria  which  are 
known  to  cause  failure  of  ferrous  metal".  Cinders  and  other 
impurities  will  also  produce  corrosion.  Galvanized  steel 
receives  some  Drotection  from  its  zinc  coating;  however, 
these  coatings  are  thin  and  do  not  last  long  underground. 
Above-ground  may  provide  adequate  protection,  but  nonmetal 
coatings  and  cathodic  protection  are  often  needed  under- 
ground to  insure  the  life  of  steel  service  lines.  Steel 
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lines  In  water  may  also  require  such  corrosion  control. 


Galvanized  steel  is  often  used  for  water  service  lines.  It 
serves  well  below  about  l40°P.  Above  this  temperature,  the 
relative  potentials  of  steel  and  zinc  begin  to  reverse. 

Above  170°P,  steel  corrodes,  protecting  zinc  galvanizing. 

Low  alloy  steels  carrying  domestic  soft  waters  will  corrode 
forming  pits  and  tubercles  of  rust  which  block  the  inside 
diameter.  In  semi-hard  waters  (containing  calcium  carbon- 
ate) and  those  containing  some  carbon  dioxide,  protective 
films  form  restricting  or  eliminating  corrosion.  Water 
quality  may  be  altered  by  chemical  treatment  to  produce 
these  films  in  many  cases.  Cathodic  protection  has  also 
been  applied  successfully  l\_r  special  applications.  Higher 
levels  of  carbon  dioxide  may  be  corrosive.  To  determine 
proper  calcium  carbonate  levels,  the  saturation  index  for 
the  subject  water  must  be  determined  (water  analysis). 

Stainless  steels  are  generally  resistant  to  water  corrosion, 
but  will  fail  when  chlorides  are  present.  Sea  water  will 
damage  these  steels  seriously,  causing  pitting  and  overall 
deterioration. 


In  general,  velocity  Increases  corrosion  in  steel  lines. 
Cavitation  erosion  occurs  In  steel  at  various  velocities, 
depending  on  water  quality. 

4.15.1.3  Cast  Iron.  Cast  iron  lines  form  internal 
pits  and  tubercles  to  about  the  same  extent  as  low  alloy 
steels  In  water  service.  Water  treatment  is  usually  the 
solution  with  these  materials,  also.  External  corrosion  in 
soils  and  waters,  however,  occurs  under  less  severe  condi- 
tions, although  the  corrosion  rate  is  the  same.  In  addi- 
tion, graphltizatlon  of  cast  iron  In  gas  lines  as  well  as 
others  can  be  a serious  corrosion  problem  (paragraph  4.5). 

Care  should  be  taken  to  assure  electrical  continuity  across 
joints.  Mechanical  and  rubber  slip  Joints  do  not  provide 
this.  The  best  Joint  bond  consists  of  a length  of  No.  2 or 
4 Insulated  copper  cable  thermit- welded  across  the  Joint, 
(paragraph  5.7. ) Joint  bonds  are  required  when  cathodic 
protection  is  Installed,  but  they  are  a good  Idea  otherwise, 
also.  If  bonds  are  applied  when  the  pipe  is  installed,  the 
cost  of  future  cathodic  protection  is  greatly  reduced 
(excavations,  etc.  required  for  bonding).  Additionally,  in 
stray  current  areas,  bonding  prevents  these  currents  from 
going  around  each  Joint,  producing  corrosion  wherever  cur- 
rent leaves  the  metal. 


4.15.2  POL  Facilities  and  Hydrant  Refueling  System. 

POL  facilities  are  among  the  most  Important  military  struc - 
turee  because  their  continuous  operation  is  necessary  to 
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performance  of  the  mission.  Fuels  carried  In  these  facili- 
ties are  highly-flammable  and,  therefore,  leaks  present  a 
safety  hazard.  For  these  reasons,  corrosion  control  of  POL 
facilities  is  often  necessary  even  when  repair  costs  do  not 
Justify  it.  However,  underground  structures  such  as  hy- 
drant refueling  lines  are  often  located  beneath  concrete, 
making  repairs  difficult,  inconvenient,  and  expensive. 
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Metals  most  commonly  encountered  in  POL  facilities  include 
steel,  copper,  and  aluminum.  As  with  service  lines,  galvan- 
ic cells  must  be  avoided.  Steel  pipe  and  underground  tanks 
usually  require  coatings  and  cathodic  protection  to  protect 
them  from  soil  corrosion.  Above-grade  tank  bottoms  resting 
on  the  ground  may  still  corrode  when  rusting  on  sand  or 
oiled-sand  bases  and  may  require  some  form  of  protection. 

Copper  in  service  of  this  type  (because  of  its  interconnec- 
tion with  steel)  usually  is  not  much  of  a problem.  General 
precautions  to  consider  when  using  copper  are  covered  in 
paragraph  5. 3. 2. 6. 

Aluminum  alloys  are  fairly  reactive  but  form  a protective 
oxide  film  in  many  environments.  Corrosion  of  aluminum  is 
discussed  in  paragraph  5. 3. 2. 5.  In  POL  and  other  facilities 
receiving  cathodic  protection,  care  must  be  taken  not  to 
overprotect  aluminum  structures.  Alkaline  reaction  products 
from  excess  cathodic  protection  may  corrode  aluminum  seri- 
ously, as  will  alkaline  soils.  Aluminum  should  not  be  al- 
lowed to  contact  concrete  and  should  be  kept  away  from  lime- 
stone fill. 

4.15.3  Fasteners . There  are  several  likely  sources  of 
corrosion  of  metal  fasteners  (bolts,  nails,  straps  and  so 
on).  First,  galvanic  cells  can  result  when  fasteners  are 
made  from  metals  different  than  the  main  structure.  The 
more  anodic  metal,  either  fastener  or  metal  structure,  will 
experience  increased  corrosion.  Since  fasteners  have  small 
surface  area  compared  with  the  remainder  of  the  structure, 
the  "area  effect”  (paragraph  3. 2. 3. 3. a)  is  important.  It 
Is  more  desirable  from  a corrosion  standpoint  to  have  a 
large  anode  (structure)  and  small  cathode  (fasteners)  than 
the  opposite.  Use  of  fasteners  made  of  metal  like  the 
structure  or  dielectric  Insulation  are  among  the  ways  to 
mitigate  this  problem.  Coatings  and  cathodic  protection  are 
also  used. 

Failure  of  fasteners  themselves  can  result  from  improper 
heat  treatment  after  fabrication.  Internal  stresses  com- 
bined with  corrosive  environments  may  produce  stress  corros- 
ion cracking.  Also,  stressed  areas  or  bright  metal,  such 
as  screw  threads  or  nail  heads  and  points,  are  anodic  to 
the  remainder  of  the  fastener.  These  areas  will  experience 
Increased  corrosion  because  of  the  galvanic  cell  arising. 
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Proper  heat  treatment  to  relieve  stress  can  control  these 
problems  during  fabrication. 

4.15.^  Pipeline  Casings.  Prom  the  corrosion  control 
standpoint"!  casings  should  not  be  used.  Kuhn  and  others 
(references  11  and  12)  show  that  casings  introduce  two  major 
corrosion  problems: 

1.  Short  circuits  developing  between  casing  and 
carrier  pipe  make  cathodic  protection  of  enclosed  pipe 
impractical. 

2.  In  unprotected  lines  encased  in  lower  quality 
metal,  short  circuits  set  up  galvanic  cells  between  casing 
and  carrier  pipe. 

The  first  problem  may  result  because  end  seals  may  never 
actually  seal.  Moisture  can  leak  through,  and  the  annular 
space  between  casing  and  carrier  pipe  will  at  least  partial- 
ly fill  with  ground  water.  Condensation  can  be  a problem 
even  if  a fairly  good  seal  is  obtained.  Unless  the  carrier 
pipe  inside  the  casing  is  cathodically  protected,  serious 
corrosion  occurs.  The  casing  itself,  if  insulated  from  the 
carrier  pipe,  can  be  utilized  to  conduct  cathodic  protection 
current  to  the  carrier  pipe;  but  only  if  It  is  not  well- 
coated.  If  a carrier  pipe  is  shorted  to  a casing  (a  common 
situation  with  long  spans  of  pipe),  only  the  external  sur- 
face of  the  casing  will  receive  cathodic  protection.  The 
exterior  of  a bare,  insulated  casing  will  pick  up  part  of 
cathodic  protection  current  designed  for  the  carrier  pipe 
and  discharge  this  current  through  the  electrolyte  In  the 
annular  space.  This  will  provide  cathodic  protection  to  the 
carrier  pipe.  A well-coated,  insulated  casing  will  have  a 
significantly  higher  resistance  to  earth  than  the  relatively 
long  carrier  pipe.  This  coated  casing  will  pick  up  only  a 
minute  portion  of  cathodic  protection  current,  insufficient 
for  cathodic  protection  of  encased  carrier  pipe.  The  car- 
rier pipe  will  prevent  insulated,  coated  casing  from  re- 
ceiving adequate  current  in  the  same  manner  a short-cir- 
cuited, bare  casing  prevents  its  coated  carrier  pipe  from 
receiving  adequate  protective  current. 

Casings  can  short  circuit  to  carrier  pipes  for  such  reasons 
as  vibration,  settlement,  etc.  Then,  cathodic  protection 
of  carrier  pipe  inside  casing  is  impossible.  With  a well- 
coated  casing,  the  carrier  pipe  inside  the  casing  will  have 
no  cathodic  protection.  With  bare  casing,  not  only  the  por- 
tion of  carrier  pipe  inside  the  casing  will  lose  cathodic 
protection  but  cathodic  protection  for  large  distances  on 
both  sides  of  the  casing  will  be  seriously  reduced  or  ren- 
dered ineffective.  Cathodic  protection  current  will  not 
seek  holidays  in  carrier,  pipe  coating  but  will  flow  to  the 
large,  bare,  low-resistance  casing.  Thus,  casing  is  effect- 
ively a bare  portion  of  pipe. 
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The  second  problem  may  occur  because  casing  material  is 
frequently  lower  quality  steel  than  carrier  pipe.  Short 
circuits  between  the  two  can  result  in  galvanic  cello,  in- 
creasing corrosion  and  contributing  to  eventual  leaks. 

This  accelerates  if  the  carrier  pipe  is  coated  and  anodic, 
due  to  the  "area  effect"  (paragraph  3.2.3.3.a). 

To  avoid  these  problems,  pipeline  casings  should  not  be 
used,  unless  required  for  safety  or  mechanical  reasons. 

If  a casing  is  required  by  codes,  a bare  casing  should  be 
used.  Plastic  spacers,  casing  insulators,  and  end  seals 
should  also  be  installed,  and  the  entire  installation 
should  be  thoroughly  tested  and  inspected. 

4.15.5  Wells.  Water  wells  may  corrode  for  several 
reasons.  Stray  currents  are  often  encountered.  Because  of 
the  length  of  well  casings,  gradients  exist  along  its  sur- 
face. (Several  soil  strata  traversed.)  Temperature  dif- 
ferentials, differential  aeration,  and  nonhomogeneous  soils 
are  likely  to  affect  the  casing.  Delivery  piping,  turbine, 
and  strainers  may  also  corrode.  In  uncased  wells,  galvanic 
or  impressed  current  anodes  can  be  used.  Protection  of 
cased  wells  is  more  difficult.  As  with  pipeline  casings 
(paragraph  4.15.4),  well  casings  are  impractical  or  impos- 
sible to  cathodically  protect;  current  travels  along  the 
casing  and  discharges  into  the  soil.  Protection  might  be 
accomplished  by  using  the  casing  as  an  anode,  corroding  It 
to  protect  Internal  structures.  Wells  or  casing  embedded 
in  concrete  are  not  immune  from  corrosion.  Concrete,  like 
other  coatings,  is  not  perfect  and  corrosion  will  concen- 
trate at  breaks  in  the  concrete.  However,  cathodic  protec- 
tion current  requirements  may  be  less. 

4.15.6  Snow  Melting  Pipe  and  Radiant  Heating.  Snow- 
melting or  radiant  heating  pipe  Is  usually  steel,  embedded 
in  concrete  sidewalk,  floor,  etc.  (However,  copper  and 
wrought  Iron  are  often  used.)  High- temperature  water  below 
the  boiling  point  (212 °P)  circulates,  heating  the  concrete. 
These  systems  are  often  used  to  melt  snow  or  to  heat  large 
structures  such  as  hangars. 

Internal  corrosion  problems  similar  to  those  encountered 
In  other  steel  hot  water  systems  may  occur  (paragraph 
4.15.1.2).  External  corrosion  due  to  differential  environ- 
ments, however,  Is  the  most  frequent  problem.  Steel  in 
concrete,  an  alkaline  environment,  is  cathodic  to  steel  In 
soil.  Consequently,  corrosion  occurs  at  breaks  or  expan- 
sion Joints  in  the  concrete,  or  where  the  pipe  is  not  com- 
pletely encased  In  it  but  comes  in  contact  with  soil  be- 
neath. (Figure  4-38.)  If  the  pipes  could  be  completely 
encased,  corrosion  would  be  minimized.  Cathodic  protection 
can  be  successfully  applied  to  protect  bare  pipe  at  breaks 
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or  expansion  joints.  The  practice  of  installing  polyethy- 
lene sheets  beneath  concrete-encased  pipes  to  prevent  con- 
tact with  soil  introduces  other  problems  and  should  not  be 
followed.  Polyethylene  sheet  prevents  moisture  from  drain- 
ing into  the  soil,  trapping  it.  Corrosion  of  heating  pipe 
may  result.  Cathodic  protection  of  these  lines  becomes  im- 
possible because  of  the  plastic  sheet,  so  corrosion  will 
continue.  A better  method  of  minimizing  soil-concrete  cells 
is  the  use  of  non-metal  chairs  or  brackets.  These  support 
the  pipes  above  the  soil  while  concrete  is  poured  and  har- 
dens, surrounding  the  lines.  Non-metal  brackets  eliminate 
possible  galvanic  cells  which  metal  supports  could  cause. 

4.15.7  Caustic  Problems.  Caustic  soda  (sodium  hydroxide) 
and  other  alkalies  are  not  particularly  aggressive  at  normal 
temperatures,  in  terms  of  overall  attack.  Addition  of  1 to 
4#  caustic  to  water  actually  decreases  corrosion  of  steel. 

Concentrated  caustic  at  high  temperatures,  however,  can  pro- 
duce a serious  form  of  hydrogen  embrittlement  - caustic  em- 
brittlement - in  many  stressed  metals. 

Caustic  embrittlement  is  encountered  in  riveted  steam 
boilers  where  sodium  bicarbonate  has  been  added  to  the  feed 
water  as  a corrosion  inhibitor.  It  decomposes  with  heat  to 
form  caustic  soda  which  concentrates  at  the  riveted  seams 
as  steam  escapes.  Concentrations  as  high  as  40#  are  common 
there,  often  resulting  in  corrosive  failure  of  the  metal. 

Type  300  series  austenitic  stainless  steels  are  especially 
susceptible  to  caustic  embrittlement.  Brass  also  fails  this 
way  in  ammonia.  Besides  the  cracking  typical  of  caustic  em- 
brittlement, serious  pitting  may  also  occur.  This  may  occur 
in  boiler  tubes  during  periodic  shutdowns  if  they  are  allow- 
ed to  air  dry,  concentrating  the  caustic. 

Nickel  and  nickel  alloys  exhibit  resistance  to  caustic  attack 
and  are  suitable  for  use  in  most  conditions.  Carbon  steel  is 
often  used  for  boilers  below  850°F.  With  proper  engineering, 
to  avoid  escaping  steam,  caustic  embrittlement  problems 
should  not  occur. 

4.15.8  Stress  Corrosion  of  Various  Structures.  Stress 
Corrosion  i”s  discussed  In  paragraph  4.10.  Specific  military 
structures  which  are  susceptible  to  this  type  corrosion  are 
analyzed  here . 

4.15.8.1  Fittings . Residual  stresses  built  up  in 
machining  metal  fittings  can  institute  stress  corrosion  in 
slightly  corrosive  environments.  These  stresses  remain  in 
the  fitting  unless  annealed  after  fabrication.  Improper 
size  fittings  forced  into  place  can  also  develop  adequate  < 

stresses.  Another  source  of  stress  Is  corrosion  product  \ 

build-up  between  surfaces.  These  produce  stresses,  because  j 
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they  are  more  voluminous  than  the  original  metal.  Corros- 
ion products  may  result  from  galvanic  couples,  general  cor- 
rosion or  other,  and  need  not  be  present  in  large  amounts. 

Specific  environments  in  which  these  tensile  stresses  pro- 
duce stress  corrosion  cracking  depend  on  the  metal  involved. 
Aluminum  in  marine  or  industrial  atmospheres,  steels  in 
caustic  solutions  or  chlorides,  nickel  in  hydrofluoric  acid 
or  hot  caustic  frequently  experience  stress  corrosion. 

4.15.8.2  Stainless  Steels.  Stress  corrosion  cracking 
of  stainless  steels  is  a common  occurrence  (paragraph  4.10). 
The  type  200  series  (16  to  18#  chromium  with  about  5#  nickel 
and  some  manganese)  and  Type  300  series  (17#  or  more  chrom- 
ium and  7#  or  more  nickel;  are  especially  prone  to  this  type 
corrosion.  Failure  due  to  stress  corrosion  in  water  con- 
taining chlorides  was  discussed  in  paragraph  4.10.  This  is 
probably  the  most  likely  cause  of  failure  on  a military  base, 
as  it  is  encountered  in  water  distribution  or  recirculating 
systems.  Crevices  where  chlorides  can  concentrate  should 
be  eliminated  to  prevent  stress  corrosion.  Also,  chloride 
and  oxygen  content  in  recirculating  systems  can  be  kept  to 
one  ppm  or  below. 

The  Type  400  series  (12#  or  more  chromium)  may  fail  by 
either  stress  corrosion  cracking  or  hydrogen  embrittlement. 
These  steels  can  be  heat  treated  (hardened)  to  increase 
their  resistance  to  stress  corrosion.  Hardened  steels,  how- 
ever, are  more  susceptible  to  hydrogen  embrittlement. 

4.15.9  De-Alloying  (Selective  Dissolution).  Selective 
dissolution  (paragraph  4.5)  is  probably  most  common  in  cast 
iron  lines.  Graph! tizat ion  of  cast  iron,  whether  plug  type 
or  overall,  produces  a weakened  structure  which  may  give 
continued  good  service  until  a sudden  surge  or  other  stress 
breaks  through  the  weakened  structure.  A failure  of  this 
type  is  usually  characterized  by  a large  hole.  The  pipe 
responds  with  a dull  sound  when  struck  with  a metal  object 
and  may  be  penetrated  easily  by  a screwdriver.  It  appears 
in  good  condition,  but  will  shatter,  or  break  when  pressure 
surges  or  water  hammer  occurs.  Statistical  analyses  of 
failures  occurring  in  cast  iron  pipe  (paragraph  4.14.3)  can 
also  reveal,  grapnitization.  (This  may  not  easily  be  distin- 
guished from  mechanical  failure.) 

Dezincification  of  brass  (paragraph  4.5)  may  occur  in  POL 
facilities  where  this  material  is  sometimes  used  for  pipe. 

4.15.10  Atmospheric  Effects.  Corrosion  of  metals  in  the 
atmosphere  is  covered  in  paragraph  5. 3. 1.1. a.  This  is  the 
most  prevalent  type  corrosion,  although  its  severity  is  not 
necessarily  great.  Control  of  atmospheric  corrosion  is 
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accomplished  by  using  resistant  metals  (paragraph  5.3)  and/ 
or  applying  protective  coatings.  For  detailed  discussion 
of  military  procedures  in  this  area,  see  Military  Paints 
and  Protective  Coatings  Manuals. 

4.15.11  Water  Tanks.  Residential  hot-water  heater  tanks, 
elevated  municipal-type  cold-water  tanks,  and  others  exper- 
ience Internal  corrosion.  Galvanized  steel,  the  traditional 
material  for  hot-water  heaters,  corrodes  at  the  elevated 
temperatures  required  for  dishwashers  and  laundry  facilities 
Below  l40°F,  the  zinc  coating  cathodically  protects  the 
steel  tank.  Above  170°F,  however,  the  potentials  are  re- 
versed, causing  accelerated  corrosion  of  steel.  Solutions 
to  these  problems  include  the  use  of  coatings  and  magnesium 
anodes  (cathodic  protection)  for  galvanized  tanks,  or  sub- 
stituting copper  or  Monel  for  galvanized  steel.  An  example 
of  a hot-water  heater  cathodic  protection  system  is  found 
in  paragraph  7.6.  Large  volume  hot-water  tanks  may  re- 
quire impressed  current  cathodic  protection,  because  of  the 
greater  surface  areas  involved. 

Elevated  water  tanks  are  subject  to  various  temperature  and 
climatic  conditions.  Internal  coatings  and  cathodic  protec- 
tion provide  the  best  solution  to  corrosion  problems.  Cor- 
rosion is  generally  most  in  warmer  weather.  Tanks  in  which 
ice  forms  experience  little  corrosion  during  winter.  Cath- 
odic protection  design  for  elevated  cold-water  tanks  de- 
pends on  tank  configuration,  including  support  structures 
and  risers.  Examples  of  this  are  found  in  paragraph  7.6. 

Special  corrosion  problems  plague  tanks  holding  demineral- 
ized (deionized)  water.  This  water,  frequently  used  in 
producing  supercritical  steam,  is  purified  in  ion-exchange 
resin  beds.  Here  chlorides,  caustics  and  other  undesirable 
salts  are  removed.  Blistering  of  internal  coatings  is 
worse  in  demineralized  water  than  in  fresh  or  salt  water. 
Additionally,  this  type  water  will  not  form  protective  car- 
bonate films  on  the  metal  surface,  because  carbonates  are 
not  present.  It  does,  however,  tend  to  dissolve  metals. 

This  occurs  because  the  demineralized  water  is  not  satura- 
ted with  any  dissolved  particles,  but  often  does  contain 
oxygen.  Since  saturation  Is  a favorable  (low-energy ) state. 
It  will  dissolve  whatever  it  can  - the  metal  surface. 

Cathodic  protection  usually  cannot  be  used,  because  unde- 
sirable impurities  are  produced.  Ordinary  coatings  are 
also  unsatisfactory,  because  no  coating  is  perfect.  Corros- 
ion would  concentrate  at  holidays  and  be  unchecked  with  no 
cathodic  protection.  The  best  solution  Is  all  plastic 
equipment  - tanks  and  lines  - or  rubber  inner  "bags"  for 


4. 15. 12  Bowel’  and  Communications  Cable.  Cables  are 
either  **burieau  j[<iireot  burial  In  soil)  or  "underground” 
(pulled  Into  fiber,  vitrified  clay,  or  concrete  ducts  and 
often  embedded  in  concrete  below  grade).  Either  type  con- 
struction becomes  involved  with  corrosion  of  the  cable 
sheath. 

Underground  sheath  cable,  exposed  to  external  corrosion,  in- 
clude electric  power  and  lighting  cables,  telephone,  fire 
alarm,  and  teletalk  cables.  The  usual  construction  is  the 
underground  method,  most  commonly  providing  separate  duct 
runs  and  manholes  for  various  cable  systems.  However,  some 
older  systems  may  use  common  manholes  and  duct  runs. 

Corrosion  of  lead  sheath  cables  is  due  to  several  causes, 
including: 

1.  Small  anodic  and  cathodic  areas  of  lead  due 
to  splices,  scratches,  and  abrasions. 

2.  Alternate  wet  and  dry  duct  runs. 

3.  Galvanic  effects  due  to  copper  bond  straps, 
ground  connections,  or  proximity  to  other  metals. 

4.  Stray  current  effects  from  electrified  rail- 
ways, industrial  chemical  operations,  and  other  sources. 

In  many  known  corrosive  locations,  past  practice  has  been 
to  use  a protective  neoprene  sheath  over  lead  sheath  to  pre- 
vent sheath  corrosion.  This  is  sometimes  satisfactory 
against  local  cell  action,  dissimilar  soil  environment,  and 
galvanic  cells.  The  stray  current  problem,  however,  re- 
quires a complete  study  resulting  in  the  proper  use  of  insu- 
lating splices  and  possible  polarized  forced  drainage  bonds. 
Neoprene  sheath  construction  has  proved  satisfactory  as  a 
moisture-proof  coating  that  apparently  has  a relatively 
small  deterioration  with  age.  Polyethylene  coatings  also 
are  reported  satisfactory.  One  Incident  is  known  where 
termites  have  eaten  through  polyvinyl  chloride  insulation 
on  buried  cable  In  North  Carolina,  resulting  in  cable  fail- 
ure from  moisture  seepage. 

Insulated  Jacketed  cable  on  the  one  hand  requires  adequate 
grounding  because  none  will  be  obtained  as  a result  of  the 
underground  cable  run.  Bare  lead  sheath  cable  on  the  other 
hand  will  have  a fairly  low  ground  resistance  as  a result 
of  wet  ducts  and  low  soil  resistivity.  To  this  is  added  a 
grounding  system  to  insure  a low  ground  resistance  value. 
Lead  is  often  coated  with  tar  and  wrapped  in  Jute.  This 
type  system  has  a structure-to-soil  resistance  comparable 
to  coal-tar  coated  pipe.  The  grounding  system  will  gener- 
ally consist  of  a bare  copper  ground  bus  of  500,000-circular- 
mil  size  or  larger  located  in  a spare  duct  or  embedded  in 
the  concrete  envelope  of  the  duct  runs.  Another  usual 
practice  is  to  locate  terminal  and  switching  equipment  in 
underground  vaults  with  a considerable  ground  mass,  all  of 
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copper,  located  at  the  vault.  Both  the  lead  sheath  and  the 
copper  ground  rods  and  Interconnecting  cables  are  bare.  A 
low  resistance  contact  with  the  soil  has  thus  been  obtained 
for  the  grounding  system.  As  a result,  a galvanic  cell  ex- 
ists with  lead  anodic  to  copper.  The  lead  sheath  corrodes, 
protecting  the  copper  grounds. 

Polyethylene  or  neoprene  Jacketed  cables  should  be  used  in- 
stead of  bare  lead  sheath  cables.  Where  bare  or  Jute- 
coated  lead  sheath  cables  are  installed,  copper  grounds 
should  not  be  used;  instead,  use  stainless  steel,  galvan- 
ized steel,  stainless  clad  or  similar  rods,  and  apply  cath- 
odic protection.  Cathodic  protection  will  not  be  needed  on 
Jacketed  cables  if  Jackets  remain  intact.  Taped  splices, 
however,  could  be  a problem. 

4.15.13  Underground  Tanks.  Underground  tanks  frequently 
contain  hazardous  materials  "such  as  gasoline,  butane,  sol- 
vents and  fuel  oil.  Unlike  pipelines,  which  are  usually 
repaired  if  a leak  occurs,  leaking  tanks  usually  must  be  re- 
placed. Consequently,  corrosion  exacts  a large  replacement 
cost  plus  the  possibility  of  shutdowns.  In  addition,  and 
frequently  of  major  concern,  a safety  hazard  is  presented 
by  leaking  tank  contents  (paragraph  4.15.2). 

Coatings  and  cathodic  protection,  applied  to  underground 
tanks,  will  not  mitigate  corrosion  problems.  Coatings 
alone  are  unsatisfactory.  Corrosion  concentrates  at 
"holidays ",  increasing  the  corrosion  rate  ("area  effect", 
paragraph  3. 2. 3. 3. a). 

Non-metallic  tanks,  notably  fiberglass  reinforced  plastic, 
are  being  used  commonly.  These,  along  with  non-metallic 
piping,  often  represent  an  economical  solution  to  corrosion 
problems.  They  resist  attack  by  many  products,  are  strong 
enough  to  withstand  most  soil  or  other  loading  stresses, 
and  are  often  not  difficult  to  handle  and  install.  They  do, 
however,  require  some  special  procedures  with  which  all 
contractors  are  not  experienced.  As  with  other  underground 
structures,  the  engineer  should  select  the  best  material 
for  the  Job  that  Is  to  be  done. 


Standardized  cathodic  protection  systems  - either  galvanic 
or  impressed  current  - are  available  for  underground  tanks. 
To  insure  adequate  protection  and  proper  operation,  these 
require  maintenance,  and  inspection  by  a qualified  corros- 
ion engineer. 


4.15.14  tterlne  Structures.  Sea  water  as  an  electrolyte 
Is  discussed  in  paragraph  3.2.3.2.c(2).  Because  it  con- 
tains large  amounts  of  dissolved  salts,  sea  water  is  very 
conductive  and,  therefore,  conducive  to  corrosion.  In 
addition,  it  contains  numerous  organisms  and  dissolved 
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gaaef  among  other  constituents.  Variations  in  salinity  and 
temperature  can  also  contribute  to  corrosion.  The  effects 
of  alternate  wetting  and  drying,  water  velocity,  and  the 
mud  line  are  also  important. 

When  a new  structure  is  being  planned,  the  designer  must 
consider  corrosion  control.  Structure  design  should  incor- 
porate features  to  minimize  corrosion.  Among  other  factors, 
enclosed  areas  should  be  sealed  to  keep  water  out,  skip 
welds  should  be  avoided  as  should  horizontal  bracing  in  the 
splash  zone . 

A study  should  be  made  to  determine  what  protective  meas- 
ures are  needed.  The  corrosion  engineer  must  consider 
structure  life,  corrosiveness  of  the  water,  and  costs  of 
corrosion  .control  versus  other  means  of  maintenance  such  as 
repair  or  replacement. 

There  are  many  methods  for  controlling  marine  corrosion. 
Amont  the  most  important  are:  material  selection,  coatings, 

cathodic  protection,  concrete  casing,  and  metal  sheathing. 
Several  examples  Indicate  methods  of  analysis. 

4.15.14.1  Existing  Pier*  This  pier  was  a 22 -year  old 
structure,  utilizing  both  rt  piles  and  sheet  pile  bulkheads 
in  a sea  water  harbor.  The  water  was  slightly  polluted, 
and  its  resistivity  averaged  22  ohm-centimeters.  No  stray 
current  was  found.  The  piling  had  been  coated  with  con- 
crete in  the  tidal  zone,  and  no  corrosion  had  occurred 
there.  In  the  water  zone,  however,  H pile  flanges  had  lost 
an  average  of  about  0.265  inches,  or  43#  of  original  thick- 
ness. This  Is  equivalent  to  0.006  inches  per  year,  quite 
close  to  the  worldwide  salt  water  corrosion  rate  for  steel 
of  0.005  inches  per  year  (reference  14). 

Another  20  to  50  years  of  service  was  desired  from  this 
pier.  Investigation  revealed  that  protective  measures 
would  be  required.  To  insure  structural  integrity,  pile 
reinforcement  was  considered  essential  by  the  owner’s  engi- 
neers. Three  means  of  reinforcement  had  been  proposed.. 
These  were  1)  welding  In  new  pile  sections  between  mud  line 
and  dock,  2)  jacketing  existing  piles  with  concrete  down  to 
the  mid  line  and  3)  adding  new  ’’helper"  piles  adjacent  to 
existing  piles. 

All  three  reinforcement  alternatives  required  careful  con- 
sideration. New  pile  sections  would  corrode  faster  than 
the  existing  piles  because  new  sections  would  be  anodic  to 
old  piles  into  which  they  were  welded.  Jacketing  piles 
with  concrete  would  lead  to  accelerated  corrosion  in  mud 
due  to  the  concrete-mud  cell.  Helper  piles,  if  not  elect- 
rically continuous  with  existing  piles,  would  corrode  at 
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about  the  same  rate  as  the  original  piles.  If  helper  piles 
were  in  contact  with  old  piles,  the  helpers  would  corrode 
at  an  accelerated  rate.  Consequently,  due  to  the  desired 
20  to  50  year  service,  pile  reinforcement  without  corrosion 
protection  would  be  only  a partial  solution.  Additional 
repairs  would  likely  be  needed  within  the  next  20  years. 

Cathodic  protection  of  the  piles  was  determined  to  be  the 
most  desirable  alternative.  A design  life  of  twenty  years, 
using  either  impressed  current  or  galvanic  anodes,  was  most 
economical.  Galvanic  anodes  would  require  replacement  after 
10  years.  Economic  analysis  determined  impressed  current 
was  the  better  choice.  In  addition,  tidal  zone  coating  and 
Interpile  bonds  for  electrical  continuity  were  used. 

4. 15. 14.2  Existing  Docks.  Twenty-year  old  docks  sup- 
ported by  cylindrical  steel  piles  were  corroding  severely.  j 

Land  fill  at  the  base  of  the  piers  was  held  by  sheet  steel 
piling.  Piles  and  bracing  on  one  pier  were  partially  j 

coated  while  the  other  structure  was  bare.  Water  was  pol- 
luted and  had  a resistivity  of  45  ohm-centimeters.  No  i 

stray  current  was  found. 

Investigation  revealed  35#  of  the  piles  had  been  reduced  to 
about  50#  of  original  wall  thickness.  About  2.5#  of  the 
piles  had  failed  completely.  The  sheet  pile  bulkhead  exhib- 
ited heavy  scaling  and  about  85#  of  the  tie  rods  had  failed. 

Bracing  was  generally  50#  corroded  off  at  the  ends. 

In  order  to  provide  the  extended  service  desired  from  the 
piers,  corrosion  protection  was  necessary.  Severely  cor- 
roded piles  would  need  repairs,  most  probably  by  welding 
reinforcement  pieces  onto  piles  and  bracing.  Either  a 20 
or  50-year  additional  life  was  considered,  so  It  was  neces- 
sary to  determine  the  best  type  of  protection  for  the  two 
life  spans. 

Four  alternatives  were:  l)  cathodic  protection  with  tidal 

zone  and  sheet  piling  coating,  2)  coating  only,  3)  cathodic 
protection  only  and  4)  no  protection  at  all.  Solution  1 was 
the  best  from  a corrosion  mitigation  standpoint,  since  all 
surfaces  would  be  protected.  Solutions  2 and  3 offered  only 
partial  protection  since  corrosion  in  the  water  and  mud 
would  continue  under  Solution  2,  and  tidal  zone  corrosion 
would  continue  under  Solution  3.  For  Solution  4,  a program 
of  regular  pile  repair  would  be  required. 

An  economic  analysis  revealed  that  costs  of  the  four  altern- 
atives were  comparable.  To  insure  structural  integrity  and 
minimize  repair  inconveniences.  Solution  1)  was  chosen.  ! 

4.15.15  Underground  Heat  Distribution  System  Metallic 
Conduit . These  systems  consist  of  a carrier  pipe  or  pipes, 
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often  surrounded  by  thermal  Insulation  encased  in  an  exter- 
ior conduit.  Metal,  concrete  and  asbestos  cement  conduits 
are  used.  The  carrier  pipe  is  nearly  always  steel,  al- 
though copper  is  sometimes  found.  Occasionally,  steel  and 
copper  pipes  have  been  used  in  the  same  conduit;  this  prac- 
tice leads  to  serious  galvanic  corrosion  of  steel  due  to 
contact  of  dissimilar  metals  when  the  insulation  becomes 
wet.  Except  in  pressure-tight  conduit  which  is  protected 
against  penetration  (or  non-metalllc  conduit)  and  thus  as- 
sumed to  remain  dry,  dissimilar  metals  should  not  be  used. 

Non-pressure  tight  conduits,  which  to  our  knowledge  are  no 
longer  being  made  but  many  of  which  are  still  in  use,  pre- 
sent special  problems.  Water  can  enter  conduit  through 
joints  or  back  up  from  flooded  manholes.  If  insulation  is 
present,  this  may  become  soaked,  causing  thermal  as  well  as 
corrosion  losses . 

In  conduit  systems,  the  carrier  pipe  cannot  be  protected  un- 
less anodes  are  Installed  within  the  conduit.  This  is  not 
standard  practice.  Therefore,  it  is  necessary  to  keep  water 
out  of  the  conduit.  This  has  led  to  development  of  pressure- 
tight  conduits.  It  then  becomes  necessary  to  protect  the 
exterior  casing  against  corrosion. 

When  a leak  occurs  in  the  carrier  pipe,  water  can  flood  the 
circuit  and  cause  further  corrosion.  Leaks  usually  require 
replacement  of  a section  of  conduit  since  It  is  difficult 
to  repair  an  individual  leak  unlike  direct  burial  Una 

In  general,  when  steel  conduits  are  used,  coating  and  cath- 
odic protection  should  be  applied.  Conduit  manufacturers 
recommend  this,  too.  In  many  environments,  however,  pres- 
sure-tight asbestos  cement  conduits  should  be  considered. 

Some  of  these  have  the  added  advantage  of  having  individu- 
ally-sealed lengths.  Thus,  should  a leak  in  one  length  oc- 
cur, water  would  not  flow  to  adjacent  lengths,  confining 
corrosion  to  the  area  of  the  leak. 

It  is  important  to  remember  that  cathodic  protection  pro- 
vides protective  current  to  casing  but  not  to  enclosed  pip- 
ing. Cathodic  protection  is  applied  to  buried  conduit  just 
as  it  Is  to  pipelines,  tanks,  etc.  The  purpose  is  to  pro- 
tect the  exterior  conduit  from  corrosion;  if  corrosion  is 
permitted  to  occur,  then  the  exterior  conduit  will  penetrate 
and  admit  water,  leading  to  corrosion  of  the  pipes  within. 
Since  the  conduit  acts  as  a shield,  it  is  not  possible  to 
protect  the  carrier  pipes  from  outside  the  conduit.  Conse- 
quently, it  is  Important  to  protect  the  conduit. 

Some  manufacturers  and  suppliers  sell  standardized  galvanic 
anode  systems  along  with  their  piping.  These  arc  not  gener- 
ally effective  and  should  h<  tested  by  a competent  engineer. 
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4.15.1L  Do-Iolng  Salt::.  !>.—  icing  salts  are  a problem 
In  cold.  Northern  areas  where  snow  and  Ice  arc  abundant. 
Salts,  spread  on  sidewalks,  roads,  etc.  to  melt  ice,  are 
extremely  corrosive  when  dissolved  in  water.  They  net  into 
manholes  by  being  thrown  there  or  by  seeping  in  dissolved 
in  melted  ice.  They  can  cause  serious  corrosion  in  ducts. 
This  environment  is  similar  in  some  respects  to  salt  or 
brackish  water  encountered  by  seacoasts. 

Dissolved  salts  also  seep  down  through  soil,  attacking 
pipes,  building  piles,  tanks  and  other  underground  struc- 
tures. Salts  have  been  found  as  deep  as  5 to  6 feet  below 
grade.  Often,  soil  resistivity  is  greatly  lowered  by  de- 
icing salts,  increasing  the  corrosiveness.  Where  pipes  are 
encased  in  concrete  (snow  melting  and  radiant  heating  sys- 
tems), salty  water  can  greatly  increase  corrosion  at  expan- 
sion joints  or  breaks. 

4.15.17  Steam  Condensate  Lines.  Steam  condensate  lines 
can  fail  from  either  Internal  or external  corrosion.  Most 
external  problems  occur  on  condensate  or  "return"  lines 
since  they  are  at  a relatively  high  temperature  below  the 
boiling  point  of  water  and  do  not  dry  the  environment1  about 
them  as  steam  supply  lines  generally  do.  A recent  study  by 
the  Academy  of  Science  confirmed  this  (reference  13).  Usu- 
ally, these  are  surrounded  by  thermal  insulation  and  en- 
cased in  conduit  (paragraph  4.15. 15).  Recently,  however, 
condensate  and  return  lines  have  been  buried  without  any 
thermal  insulation.  This  pipe  behaves  as  any  other  buried 
pipe,  and  corrosion  may  cause  failure.  Where  steel  is  used, 
coating  and  cathodic  protection  is  needed.  Coating  must  be 
compatible  with  line  temperature.  Generally,  above  about 
l60°P  coal-tar  expoxy  is  recommended  (temperature  limit, 
250°P).  Consideration  should  also  be  given  to  asbestos 
cement  or  other  non-metalllc  pipe. 

Interior  corrosion  also  contributes  to  failures,  and  can 
occur  in  both  supply  and  return  lines.  This  is  usually  due 
to  lack  of  or  inadequate  water  treatment.  The  composition 
of  metal  or  alloy  (usually  low  carbon  steel)  used  for  piping 
generally  is  of  minor  importance.  When  interior  corrosion 
is  encountered,  a study  should  be  made  to  determine  the 
cause  and  to  select  or  modify  treatment. 

Problems  encountered  are  of  two  types:  plugging  of  lines 

with  insoluble  scale  and  deposits,  or  pitting  and  channel- 
ing of  pipe  walls.  Deposits  are  generally  metallic  oxides 
and  hydrates,  and  these  are  frequently  found  downstream 
from  the  location  of  corrosion.  These  deposits  can  be  dif- 
ferentiated from  material,  not  the  result  of  corrosion,  be- 
cause of  their  metallic  nature. 


Pitting  and  channeling  are  produced  by  dissolved  oxygen  and 
carbon  dioxide.  Feed  waters  are  generally  saturated  with 
dissolved  oxygen  from  the  atmosphere.  Carbon  dioxide  may 
be  present  in  various  concentrations,  derived  from  the  at- 
mosphere, or  subterranean  and  other  sources.  In  addition, 
carbon  dioxide  is  liberated  in  water  upon  heating,  from 
such  compounds  as  calcium  or  magnesium  bicarbonate. 

Oxygen  reacts  with  a metal  surface  as  described  in  para- 
graph 4.3.  Pitting  and  tubercles  are  commonly  observed. 
Typical  corrosion  by  carbon  dioxide  is  uniform  thinning  of 
the  surface,  resulting  in  bright  metal  free  from  corrosion 
products.  Control  of  this  type  internal  corrosion  can  be 
accomplished  by:  boiler  feed  water  treatment  to  minimize 

dissolved  gases,  chemical  treatment  of  the  condensate,  or 
use  of  more  resistant  materials.  Usually,  the  first  two 
methods  are  less  expensive.  For  information  regarding 
water  treatment,  refer  to  Air  Force  Manual  85-12. 

4.15.18  Other  Internal  Corrosion  Problems.  For  a dis- 
cussion on  internal  corrosion  problems  encountered  in  mili- 
tary facilities,  see  Air  Force  Manual  85-20  and  other  mili- 
tary directives  applying  to  the  specific  structure  under 
consideration . 

4.15.19  Radio  and  Radar  Tower  Footings  and  Quy  Anchors . 
Tower  footings  and  guy  anchors  experience  corrosion  prob- 
lems.  These  structures  are  usually  galvanized  steel,  some- 
times encased  in  concrete.  Above-ground  galvanizing  gener- 
ally provides  adequate  protection,  but  underground  the  cath- 
odic protection  it  supplies  to  steel  does  not  last  long. 
Concrete  casing  may  be  included  either  as  weight  or  to  pre- 
vent contact  with  soil.  As  a coating,  concrete  is  generally 
Imperfect;  corrosion  concentrates  at  breaks. 

Severe  corrosion  frequently  occurs  from  the  galvanic  cell 
between  steel  tower  footings  or  guy  anchors  and  massive 
copper  grounds.  Often  these  structures  are  part  of  radio 
stations  so  they  are  tied  to  high  power  sources.  Good 
grounding  is  therefore  necessary.  The  large  copper  cath- 
odes corrode  the  steel  structures.  This  condition  is  wors- 
ened because  towers  are  often  located  in  areas  of  low  resis- 
tivity (corrosive)  soil  to  improve  grounding.  Other  galvan- 
ic cells  may  occur  when  aluminum  or  copper  are  used  in  com- 
bination with  steel  in  towers.  Such  dissimilar  metals 
should  be  avoided  where  possible. 


SECTION  5 ~ CORROSION  CONTROL 
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5.1  ' GENERAL.  The  many  reasons  to  initiate  a corrosion 
control  program  for  proposed  or  existing  structures  were 
discussed  in  Section  2.  A few  are: 

To  insure  continuity  of  operations  for  the  success 
of  the  mission. 

To  minimize  hazards  to  life,  limb,  product  or  environ- 
ment that  a failure  could  cause. 

To  satisfy  government  regulations. 

To  minimize  product  or  material  losses. 

To  minimize  future  expenditures  resulting  from  struc- 
tural deterioration,  thus  minimizing  annual  operating  costs. 

The  relative  importance  of  these,  as  well  as  the  choice  of 
specific  corrosion  control  methods,  depends  on  individual 
structure  or  system  conditions.  The  situation  should  be 
analyzed  by  a competent  corrosion  engineer  to  determine 
types  and  rates  of  corrosion  experienced  or  anticipated,  and 
what  means  of  control  to  use. 

Corrosion  should  be  considered  from  the  preliminary  planning 
stage  to  completion  of  all  projects.  Soils  and  waters  are 
tested  for  resistivity,  pH,  and  sulfate  content  so  that 
underground  facilities  can  be  engineered  for  their  environ- 
ment. This  is  much  more  economical  than  the  "trial-and- 
error"  method  of  waiting  until  failures  occur  to  Investigate 
and  correct  premature  deterioration.  Mitigative  measures 
most  always  cost  less  when  installed  on  newly  constructed 
facilities.  They  must,  however,  then  be  capitalized.  Once 
underground  structures  have  been  operated,  corrosion  control 
costs  often  are  Included  with  operating  or  maintenance  ex- 
penses. This  may  save  money,  or  only  appear  to,  until  costs 
of  plant  shutdowns,  excavations  through  floors,  etc.  are 
realized. 

Corrosion  control  is  often  economically  applied  to  existing 
buried  piping,  tanks,  cables,  and  so  on;  even  those  which 
have  suffered  failures.  This  is  an  alternative  to  replace- 
ment, but  its  limitations  must  be  understood  (paragraph 
5.2.2). 

Corrosion  may  be  prevented  or  mitigated  readily,  and  all 
methods  have  one  basic  feature  in  common.  That  is,  they  re- 
duce, stop  or  divert  the  flow  of  electric  current  which 
causes  corrosion.  This  may  be  accomplished  by  physical, 
chemical  or  electrical  means.  Common  methods  of  corrosion 
control  include: 
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1.  Material  selection 

2.  Coatings  and  wrappers 

3.  Chemical  treatment 

4.  Insulation 

5 . Bonding 

6.  Test  stations 

7.  Cathodic  protection 

8.  Anodic  protection 

9.  Electrical  grounding 

10.  Controlling  the  environment 

These  are  often  used  In  combination. 

In  order  to  decide  what  means  of  corrosion  control  to  employ, 
it  is  often  helpful  to  determine  sources  of  corrosive  cur- 
rent. For  example,  stray  currents  and  galvanic  couples  can 
frequently  be  controlled  more  effectively  when  recognized. 

The  difference  between  simple  electrochemical  corrosion  and 
stray  current  corrosion  as  well  as  physical  and  chemical 
factors  should  also  be  considered. 

5.1.1  Simple  Electrochemical  Corrosion.  Galvanic  and 
other  types  of  electrochemical  corrosion  were  discussed  In 
Section  4.  In  general,  these  types  are  characterized  by 
generation  of  corrosion  current  Internally;  that  is,  from 
conditions  within  the  corrosion  cell  itself.  The  conditions 
produce  a natural  potential  difference  between  anode  and 
cathode.  In  order  to  mitigate  electrochemical  corrosion, 
contributing  conditions  within  the  corrosion  cell  must  be 
recognized  and  altered  or  eliminated.  Section  4 covers  con- 
ditions which  give  rise  to  various  types  of  corrosion. 
Methods  of  controlling  corrosion  are  discussed  in  Section  5. 

5.1.2  Stray  Current  Corrosion.  As  noted  in  paragraph 
4.13,  stray  current  corrosion  is  caused  by  current  from  some 
source  external  to  the  four  components  of  a basic  corrosion 
cell  (paragraph  3.2.3).  Although  stray  current  corrosion 

is  electrochemical  in  nature,  it  is  generally  considered 
separately  from  other  electrochemical  forms  because  of  the 
external  current  source.  Stray  current  corrosion  is  simi- 
lar in  nature  to  an  electrolytic  cell  (paragraph  3.5.1). 
Whereas  other  forms  of  electrochemical  corrosion  correspond 
to  galvanic  or  concentration  cells  (paragraphs  3. 5. 2-3). 

Recognizing  stray  current  corrosion  usually  requires  an 
electrical  analysis,  somewhat  different  than  for  other  cor- 
rosion. Mitigation  is  also  usually 

different:  eliminating  the  external  current  source  or  over- 

coming its  effects  by  installing  electrical  equipment  or  re- 
wiring the  source,  rather  than  altering  the  basic  corrosion 
cell  Itself. 
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5.2  RECOMMENDATIONS  FOR  PROPOSED  AND  EXISTING  STRUCTURES. 
It  is  generally  easier  to  consider  more  possible  means  of 
control  for  a proposed  structure,  because  less  difficulty 
and  expense  is  encountered  than  with  a structure  already  in 
service.  Early  planning  is  more  economical.  With  existing 
structures,  however,  anticipated  problems  may  be  more 
easily  recognized  because  a history  of  in-service  behavior 
is  generally  available. 

5.2.1  Proposed  Structures.  Avoid  bimetallic  contacts. 


Where  different  metals  must  be  adjoining,  insulate  them  to 
prevent  contact  or  use  those  metals  close  in  potential  in 
the  Galvanic  Series.  Coatings  and  cathodic  protection  are 
also  effective  in  preventing  galvanic  corrosion.  If  coat- 
ing alone  is  used,  coat  the  cathode,  not  the  anode;  elimin- 
ate the  "area  effect"  by  preventing  a small  anode  to  cathode 
area  ratio. 

Choose  materials  of  construction  for  environmental  compati- 
bility as  well  as  other  requirements. 


Assure  proper  metal  heat  treatment  or  stress  relieving  if 
needed.  Careful  welding,  to  avoid  "knife-line"  attack,  is 
essential. 


Avoid  crevices,  corners,  and  other  places  where  corrosives 
can  collect. 


Structures  must  be  large  enough  to  withstand  required  flow 
rates  without  experiencing  cavitation  or  Impingement. 

Avoid  designs  including  areas  of  turbulence;  streamline 
bends. 


Avoid  spraying  fluid  onto  metal  surfaces. 

Avoid  conditions  producing  fluid  stagnation. 

Design  for  system  environment  temperatures. 

Use  inhibitors  or  chemical  treatment  where  required  in  fluid 
environments. 

Consider  earlier  experiences  and/or  experiences  of  others  in 
the  same  area. 

Excavated  or  removed  structural  members  from  the  proposed 
site  should  be  examined  for  corrosion. 

Provide  a uniform  backfill  for  burled  structures  where 
possible. 
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Use  soil  tests  and  visual  observation  of  soils  as  guides. 
Soil  resistivity,  pH,  chemical  content  (sulfate,  sulfide, 
chloride,  etc.)  and  redox  can  be  measured.  Soil  type, 
drainage  and  water  table  is  observable. 

Similar  tests  are  run  for  water. 

Avoid  undesirable  environmental  conditions  such  as  soil- 
concrete  cells. 

Study  existing  structures  on  the  site  or  right-of-way.  This 
may  apply  to  plant  expansion  or  pipeline  looping  projects. 
Here  electrical  measurements  of  structure-to-soil  voltage, 

IR  drop  and  structure-to-structure  voltage  can  be  taken. 
Nondestructive  thickness  measurements  can  also  be  consid- 
ered. When  some  cathodic  protection  is  already  in  use,  the 
electrical  evaluation  might  show  that  new  facilities  (espec- 
ially if  coated)  can  be  cathodically  protected  at  little  or 
no  additional  cost.  Stray  current  may  be  found.  This  might 
provide  "free"  cathodic  protection  when  drained  or  entirely 
rule  out  cathodic  protection. 

Consider  present  and  future  conditions:  Do  not  place  metal 

structures  under  thick  or  Inaccessible  paved  streets  or 
floors.  Avoid  conditions  where  explosions,  fires,  or  plant 
shutdowns  may  result  from  corrosion.  Consider  possible 
spilling  or  dumping  of  chemicals,  deicing  salts  or  other 
corrosives  in  the'"s-Qj.l.  Consider  nearby  future  construc- 
tion. 

v *» 

Require  proper  electrical  grounding  procedures. 

Use  coatings  and  cathodic  protection  where  conditions  war- 
rant this.  (Cathodic  protection  is  generally  less  expensive 
when  installed  with  the  structure,  rather  than  later.) 

Install  test  stations  where  needed,  whether  or  not  cathodic 
protection  is  under  consideration. 

Use  dielectric  insulation  and  bonds  where  needed  to  prevent 
or  help  prevent  corrosion. 

Consider  anodic  protection  where  feasible. 

5.2.2  Existing  Structures . The  same  factors  must  be 
studied  when  considering  existing  structures.  However,  here 
a history  is  generally  available.  Failure  rate  and  pitting 
experience  can  be  analyzed  to  give  a truer  picture  of  past, 
present  and  future  conditions.  Also,  structures  can  be 
tested  with  measurements  of  corrosion  potentials  and  flow- 
ing currents  showing  actual  conditions.  These  test  data  can 
be  used  to  locate  corroding  areas  and  to  correlate  with 
actual  experience  for  estimation  of  corrosion  rates. 
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Corrosion  failure  expectancy  curves  are  a valuable  tool  in 
the  study  of  existing  structures.  Pipeline  and  cable  sys- 
tems should  have  records  of  their  corrosion  leaks.  Each 
year's  total  is  plotted  cumulatively  against  time.  If  a 
logarithmic  scale  is  used  for  the  total  failures  to  date,  a 
linear  time  scale  yields  a straight  line  curve.  This  curve 
can  be  projected  into  the  future.  Figure  2-2  is  an  example, 
plotted  for  a large  pipeline  system. 

Cathodic  protection  is  often  considered  for  an  existing 
structure  with  a failure  history.  Here,  replacement  and/or 
extensive  repair  may  be  an  alternate  to  cathodic  protection. 
Dollar  values  are  placed  on  corrosion  failures,  corrosion 
control  costs  are  estimated  and  projected  expectancy  curves 
will  show  payouts.  Figure  2-3  shows  how  various  types  of 
cathodic  protection  systems  can  be  compared  with  corrosion 
leak  repair.  If  replacement  is  determined  to  be  the  most 
economical  choice,  recommendations  for  proposed  structures 
(paragraph  5.2.1)  should  be  referred  to. 

When  considering  corrosion  control  for  an  existing  struc- 
ture, its  future  should  be  studied.  If  a pipe  will  be  too 
small  to  handle  the  flow  three  years  from  this  date,  possi- 
bly all  thoughts  of  corrosion  control  should  be  abandoned. 

On  the  other  hand,  if  it  is  now  a crude  oil  line  and  will 
next  year  be  converted  to  LPG  service,  it  is  probable  that 
every  precaution  should  be  taken.  Changing  environmental 
conditions  must  also  be  considered. 

5.3  SELECTION  OF  MATERIALS.  Engineering  materials  are 
frequently  chosen  for  physical  and  mechanical  requirements 
and  initial  cost  only.  Corrosion  resistance  may  not  be 
considered  until  after  installation,  if  at  all.  This  is  not 
always  the  most  economical  approach,  as  was  shown  in  Section 
2.  A material's  corrosion  properties  must  be  considered 
also. 


5.3.1  Factors  Influencing  Choice . Comparison  of  corros- 
ion properties  of  various  materials  can  be  made  only  for  a 
specific  situation.  The  precise  environment  and  applica- 
tion greatly  influence  how  a material  will  react  and  must, 
therefore,  be  considered  in  any  comparison. 

5. 3. 1.1  Environment . Environmental  factors  that  should 
be  considered  in  material  selection  include  composition, 
concentration,  temperature,  pressure,  pH,  velocity,  turbul- 
ence, and  homogeneity.  Cursory  examination  of  the  subject 
environment  often  indicates  which  factors  are  of  prime  im- 
portance. 

a.  Atmospheres.  Deterioration  of  metals  from  atmos- 
pheric exposure  is  the  most  prevalent  form  of  corrosion;  for 
this  reason,  atmospheric  corrosion  receives  more  attention 
than  some  hidden  forms  of  corrosion.  To  some  extent,  this 
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is  Justifiable;  for  example.  It  is  estimated  that  at  least 
80  percent  of  the  steel  in  use  is  subject  to  this  type 
corrosion . 
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Controlling  variables  for  atmospheric  corrosion  of  a given 
metal  are  length  of  time  the  metal  surface  is  wetted,  types 
and  amounts  of  foreign  matter  in  the  atmosphere  in  contact 
with  the  metal  surface,  temperature,  relative  humidity,  pre- 
cipitation, wind  direction  and  velocity,  and  solar  radiation. 

Formerly,  much  confusion  existed  in  corrosion  detection  of 
metals  because  some  lasted  longer  at  one  test  site  than  at 
another.  Examples  of  centuries-old  ferrous  metal  columns 
were  used  to  indicate  that  better  cast  iron  and  steel  were 
made  in  ancient  times.  Recent  data  have  shown  that  such 
Instances  can  merely  reflect  different  atmospheric  condi- 
tions in  various  parts  of  the  world.  Table  5-1  shows  the 
difference  in  corrosion  losses  from  tests  at  twenty  world- 
wide locations.  The  table  has  been  arranged  by  lowest  to 
highest  relative  corrodibility. 
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Table  5-1 


Relative  Corrodibility  of  Atmospheres  at. 
Twenty  Locations  Throughout  the  World  ‘ 

2 

r x*  j i_  i. t 


Location 


Types  of 
Atmosphere 


Losses  of  Weight  Relative 
grams  Corrpdib- 

Max.  Min.  Mean  it 


Khartoum,  Egypt 

Dry  inland 

0.28 

0.05 

0.16 

1 

Abisco,  North 

Unpolluted 

0.72 

0.34 

0.46 

3 

Sweden 

Aro,  Nigeria 

Tropical 

1.53 

0.74 

1.19 

8 

inland 

S ingapore , Ma laya 

Tropical 

1.74 

1.05 

1.36 

9 

marine 

Basrah,  Iran 

Dry  inland 

2.17 

0.68 

1.39 

9 

Apapa,  Nigeria 

Tropical 

2.94 

1.47 

2.29 

15 

marine 

State  College,  Pa. 

Rural 

3.75 

25 

South  Bend,  Pa. 

Semirural 

4.27 

29 

Berlin,  Germany 

Semi- 

4.83 

4.55 

4.71 

32 

industrial 

Llanwrtyd  Wells, 

Semimarine 

6.22 

3.40 

5.23 

35 

B.I. 

Kure  Beach,  N.C. 

Marine 

5.78 

38 

Calshot,  B.I. 

Marine 

7.19 

4.22 

6.10 

4l 

Sandy  Hook,  N.J. 

Marine,  semi- 

7.34 

50 

industrial 

Congella,S. Africa 

Marine 

11.13 

5.61 

7.34 

50 

Kearney,  N.J. 

Industrial 

7.75 

52 

marine 

Motherwell,  B.I. 

Industrial 

9.39 

6.57 

8.17 

55 

Vandergrift,  Pa. 

Industrial 

8.34 

56 

Pittsburgh,  Pa. 

Industrial 

9.65 

65 

Sheffield,  B.I. 

Industrial 

13.40 

8.74 

11.53 

78 

Prodingham,  B.I. 

Industrial 

23.40  10.37  14.81 

100 

1 Larrabee,  C.P., 

"Corrosion 

of  Steels  in 

Marine 

Atmos- 

pheres  and  in  Sea  Water  , Trans.  Electrochem.  ! 

Soc.,  87, 

1945.  Based  on 

field  tests 

of  the 

Iron 

and  Steel 

Institute  Corrosion  Committee  reported  by  J.C. 

Hudson 

(J.  Iron  Steel 

Inst.,  11,  209,  1943),  with  additional 

data. 

2 

Losses  of  weight  sustained  by  5.1- 

by  10.2-  cm 

. (2-  by  4 

inc.)  specimens  made  of  open-hearth  iron  (0.007  percent 

copper)  are  used  as  a criterion  (1.03  dm2  of  surface). 

3 Prodingham,  British  Island 

= 100. 
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It  is  apparent  from  this  table  that  atmospheric  factors 
greatly  Influence  corrosion  properties.  The  most  corrosive 
environments,  marine  and  industrial  atmospheres,  are  des- 
cribed here . 

(1)  Marine  atmospheres.  Sea  air  contains  traces  of 
chlorides  and  other  components  that,  over  time,  can  concen- 
trate on  metal  surfaces.  Also,  salt  spray  is  carried  in  the 
atmosphere  around  the  sea  coast.  For  example,  during  hurri- 
canes, salt  spray  has  been  carried  several  hundred  miles  in- 
land with  resultant  destructive  effects  on  foliage.  Usually, 
however,  there  is  a very  rapid  drop-off  in  corrosivity  with 
increasing  distances  from  water.  It  has  been  found,  for  ex- 
ample, that  corrosion  samples  exposed  within  80  feet  of 
water's  edge  deteriorated  much  more  rapidly  than  those 
placed  several  hundred  feet  inland,  say  at  800  feet. 

(2)  Industrial  atmospheres.  Industrial  atmospheres 
are  among  the  most  corrosive.  These  contain  many  pollutants, 
the  most  corrosive  being  sulfur  compounds  and  chlorides. 
Sulfur  dioxide  from  fossil  fuel  combustion  combines  with 
moisture  in  air  or  dew  on  surfaces  to  produce  sulfurous  acid. 
This  compound  is  oxidized  to  sulfuric  acid  which  beads  on 
structure  surfaces,  producing  severe  acid  conditions. 

Intense  corrosion  results.  Various  chloride  compounds  con- 
tribute to  the  intensely  corrosive  atmospheres,  often  pro- 
ducing worse  destruction  than  sulfur  acids. 

b.  Waters.  Water  containing  no  dissolved  gases  or 
other  corrosive  impurities  does  not  react  with  metals  to  an 
appreciable  extent.  It  also  contains  few  ions  to  carry  cur- 
rent and  is  a poor  electrolyte.  If  oxygen  is  introduced  in- 
to pure  water,  however,  very  corrosive  conditions,  typified 
by  dlmlnerallzed  water,  result.  This  type  water  is  more 
corrosive  than  fresh  or  salt  water  because  it  contains  nc 
carbonates.  Carbonates  often  form  protective  films  on  metal 
surface . 

Commonly  encountered  waters  contain  many  contaminants. 

Their  resistivities  are  lower,  and,  hence,  they  are  better 
electrolytes.  Also,  carbon  dioxide,  sulfates,  chlorides, 
and  acids,  compounds  which  can  react  with  metals  and  other 
materials,  are  often  present.  Some  or  all  of  these  contam- 
inants can  be  found  in  sea  water,  waste  effluents,  and  in- 
dustrial waters  from  many  sources.  These  waters  can  be  ex- 
tremely corrosive,  their  rate  of  attack  usually  increasing 
with  temperature . 

The  most  notable  "contaminant"  In  water  in  terms  of  corrosion 
is  oxygen,  which  dissolves  from  air.  Oxygen,  a cathodic  de- 
polarizer, reacts  with  protective  films  on  metal  cathodes. 
When  the  cathode  film  is  gone,  current  flows,  and  corrosion 
proceeds . 
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Many  other  factors  nay  increase  corrosivity  of  waters.  Sus- 
pended solids  and  entrained  gas  bubbles  can  contribute  by 
impinging  on  structure  surfaces,  damaging  coatings  or  protec- 
tive films.  Turbulence  or  high  velocity  flow  may  influence 
corrosion  rates  also.  Analyses  of  individual  water  condi- 
tions are  necessary  to  determine  corrosivity. 

c.  Soils . Soil  resistivity  is  one  indicator  of  soil 
corrosivity.  It  is  a measure  of  the  ability  of  soil  to  per- 
mit electric  current  to  flow  and  is  expressed  in  ohm-centi- 
meters. It  is  also  used  in  cathodic  protection  design  to 
predict  current  output  from  anodes.  The  lower  soil  resistiv- 
ity, the  more  corrosive  the  soil  may  be.  Soil  with  resis- 
tivities of  less  than  10,000  ohm-centimeters  will  cause  sig- 
nificant corrosion  to  steel  structures  within  a relatively 
short  period;  20  years  for  0.325  wall  steel  is  one  indica- 
tion. The  corrosive  nature  diminishes  but  is  not  eliminated 
at  higher  resistivities.  Soil  resistivity  will  vary  during 
a given  time  period  because  of  changes  in  moisture  content. 
The  most  corrosive  condition  will  be  that  with  the  highest 
moisture  content.  Extreme  variations  in  resistivity  through- 
out a site  are  also  Important. 

Soil  containing  different  materials,  such  as  clay  and  sand, 
may  have  high  average  resistivity,  but  these  materials  have 
widely  differing  resistivities  individually.  Sand  resistiv- 
ities may  vary  from  5,000  to  100,000  ohm-centimeters  and 
clay  may  vary  from  200  to  10,000  ohm-centimeters.  These 
differing  resistivities  represent  different  electrolytes 
and,  when  mixed,  cause  more  rapid  corrosion  from  dissimilar 
environments. 

Soils  with  resistivities  above  10,000  ohm- centimeters  may  be 
corrosive  because  of  other  environmental  factors  such  as 
acidity  or  stray  current. 

The  pH  of  most  soils  varies  between  4 and  9.  pH  values  be- 
low about  6 should  be  considered  possibly  corrosive  due  to 
acids  in  soils.  In  general,  extremely  high  pH  values  and 
extremely  low  ones  indicate  a corrosive  environment  (other 
factors  excluded).  pH  values  around  neutrality  (approxi- 
mately 6 to  8)  are  moBt  favorable  for  growth  of  sulfate- 
reducing  (anaerobic)  bacteria. 

De-icing  salts  are  generally  encountered  in  urban  and  subur- 
ban areas  with  appreciable  snowfalls.  The  effect  of  de-icing 
salts  is  to  lower  soil  resistivity  in  areas  where  used,  by 
adding  soluble  salts  to  moisture  in  soils  and  acting  as  an 
improved  electrical  conductor.  These  salts  accumulate  every 
year  in  these  areas  and  are  carried  farther  from  their 
source  by  dissolving  in  the  ground  water.  Effects  of  de- 
icing salts  have  been  reported  down  to  depths  of  5 to  6 feet. 
This  presents  an  ever-increasing  problem  to  underground 
metallic  structures  (paragraph  4.15.16). 
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Excavation  of  land  can  also  cause  soil  corrosion,  for 
several  reasons.  Excavated  soil  layers  used  as  backfill  are 
not  replaced  in  their  original  order,  and  the  degree  of  com- 
paction will  not  be  the  same.  Backfilling  can  mix  soil 
types  of  widely-differing  resistivities,  setting  up  differ- 
ential environment  corrosion  cells.  Differential  aeration 
cells  can  be  set  up  by  unequal  compaction.  Serious  corros- 
ion can  occur  because  of  sticks,  stones,  tin  cans,  welding 
rod,  or  other  debris.  Even  though  a clean,  sand  backfill  is 
used,  foreign  materials  may  be  inadvertently  included  in  the 
backfill.  Also,  contaminated  ground  water  can  seep  in, 
changing  the  environment  of  the  backfill. 


Foreign  matter  can  also  produce  corrosive  conditions  in 
otherwise  seemingly  non-corrosive  soils  (favorable  resistiv- 
ity and  pH).  Cinders,  for  example,  are  a source  of  corros- 
ion, especially  where  ferrous  metals  are  concerned.  Cin- 
ders contain  appreciable  amounts  of  sulfur,  which,  in 
aqueous  media,  forms  sulfuric  acid  and  aggressively  attacks 
steel  structures.  Cinders  are  often  contained  in  backfill 
materials  and,  while  a burled  tank  is  carefully  backfilled 
with  sand,  aqueous  solutions  from  surrounding  soils  will 
still  seep  into  the  cleanest  sand  backfill.  A cinder, 
placed  directly  against  bare  metal,  will  make  it  impossible 
to  cathodically  protect  that  portion  of  the  surface  directly 
in  contact  with  it. 


-i 


Other  problems  arise,  from  impurities  in  soils  which  produce 
bacteria.  Bacteria  thrive  where  sewage  or  other  organic 
material  contaminates  the  ground.  Leaky  sewerage,  septic 
systems,  or  outhouses,  animal  manure  and  other  fertilizers 
also  are  a source.  In  addition,  organic  matter  such  as 
leaves,  skids,  rope  and  paper  that  are  left  in  the  ditch 
after  construction  provide  a good  environment  for  bacterial 
growth.  Bacteriological  corrosion  was  discussed  in  para- 
graph 4.4. 


Soil  surveys  should  always  be  made  prior  to  design  of  new 
installations,  to  determine  resistivity  and  extent  and  type 
impurities  present  in  soil.  However,  these  studies  may  not 
tell  the  complete  story,  and  do  not  predict  future  environ- 
mental changes. 

d.  Other  Environments.  Many  other  environments  be- 
sides the  atmosphere,  water,  or  soil  contact  common  materials 
of  construction.  Natural  gas,  petroleum  products,  and  chem- 
icals are  some  which  are  commonly  encountered.  In  any  en- 
vironment, an  analysis  of  major  constituents  will  help  to 
determine  materials  resistant  to  degradation. 

5. 3. 1.2  Application.  In  addition  to  knowledge  of  a 
material's  proponed  environment,  the  precise  application 
should  be  analyzed  prior  to  material  selection.  From  such 
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an  anaJ.y;;:l::,  required  proportion  can  bo  determined;  ntrength 
ductility,  thornvil.  and  electrical  proportion  are  common  ohot 
con.  Other  factorn  that  nouvctlmoa  inl'luonce  material  :v-J ac- 
tion include  density,  resistance  to  atomic  radiation,  and 
acoustical  properties.  These  may  be  equally  as  important  as 
corrosion  resistance  in  some  applications;  consequently,  a 
compromise  which  provides  the  optimum  combination  of  proper- 
ties and  costs  will  be  necessary. 

Some  materials,  corrosion  resistant  in  most  circumstances, 
are  subject  to  localized  corrosion  failures  in  certain  appll 
cations.  A material  which  is  resistant  to  acidic  corrosion 
may  be  used  to  fabricate  a holding  tank.  However,  if  the 
same  material  is  subject  to  high  velocity  corrosion,  the 
stirring  apparatus  in  this  same  tank  may  have  to  be  formed 
of  a totally  different  material.  Consideration  of  all  prop- 
erties determines  which  material  is  best  for  any  specific 
application. 

In  general,  many  potential  problems  can  be  avoided  through 
proper  design.  Galvanic  couples,  crevices  and  pockets,  and 
high  stress  conditions  among  others  can  often  be  avoided  in 
the  design  stage. 

5.3.2  Common  Metals  and  Their  Corrosion  Properties.  As 
stated  earlier,  a material's  corrosion  performance  depends 
on  many  factors  characteristic  of  specific  conditions  and 
application  at  hand.  A general  analysis  of  corrosion  prop- 
erties of  metals  commonly  used  for  engineering  is  presented 
here. 

5. 3. 2.1  Cast  Iron.  The  term  cast  iron  describes  high 
carbon-iron  alloys  containing  silicon  and  other  elements. 

a.  Gray  Cast  Iren.  Gray  cast  iron  contains  free 
flakes  of  graphite  in  the  mi cro structure . Since  graphite  is 
very  low  in  strength,  its  presence  reduces  the  tensile  prop- 
erties of  iron.  Graphite  also  decreases  ductility  and  makes 
gray  cast  iron  susceptible  to  graphitization  (paragraph  4.5) 
The  material,  however,  is  relatively  inexpensive  and  easily 
cast  at  low  temperatures.  It  also  exhibits  excellent  vibra- 
tion-damping capacity  which  recommends  Its  use  for  such  ap- 
plications as  heavy  machine  bases. 

b.  Ductile  (Nodular)  Cast  Iron.  Ductile  cast  iron 
contains  free  graphite  as  nodules  or  spheroids,  a form  less 
subject  to  stress  concentrations  than  flakes.  The  result  Is 
Increased  ductility  which  allows  some  mechanical  working  of 
ductile  Iron.  This  form  results  from  addition  of  magnesium 
or  cerium  to  molten  iron.  As  with  any  cast  iron  containing 
free  graphite,  ductile  cast  iron  is  subject  to  graphitiza- 
tion. 

c.  Malleable  Cast  Iron.  "Clusters"  of  free  graphite 
resulting  from  a heat  treatment  process'  characterize  malle- 
able cast  iron.  This  material  shows  good  ductility. 
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d.  White  Cast  Iron.  If  the  amount  of  silicon  in  cast 
iron  is  reduced  below  about  1%,  practically  all  carbon  pres- 
ent forms  carbides.  With  no  graphite  in  the  microstructure , 
graphitization  will  not  occur.  However,  the  high  carbide 
content  of  white  cast  iron  produces  a metal  which  is  very 
brittle  and  quite  hard. 

e.  High  Silicon  Cast  Iron.  Cray  cast  iron  containing 
silicon  in  excess  of  14#  is  extremely  corrosion  resistant, 
due  to  a surface  layer  of  inert  silicon  dioxide.  Hydro- 
fluoric acid  is  one  of  few  corrosives  which  can  attack  this 
alloy.  When  chromium  is  added,  resistance  increases  further. 
High  silicon  cast  irons  are  corrosion  resistant  to  the  entire 
range  of  sulfuric  acid  concentrations  up  to  the  boiling  point, 
to  strong  nitric  acid,  and  to  many  hydrochloric  acid  condi- 
tions - often  to  high  temperatures,  and  to  most  other  mineral 
and  organic  acids.  These  materials  have  fair  tensile  stren- 
gth and  are  not  ductile.  They  are  susceptible  to  thermal  and 
mechanical  shock.  The  hardness  of  such  alloys  makes  them  re- 
sistant to  many  conditions  involving  severe  corrosion- 
erosions.  The  alloy  is  subject  to  chipping.  High-silicon, 
chromium-bearing  cast  iron  is  used  extensively  for  anodes  in 
impressed  current  cathodic  protection  systems. 

f.  Austenitic  Cast  Irons.  Austenitic  gray  cast  iron 
alloys  contain  20  percent  nickel  or  nickel  and  copper  in  the 
ratio  2.5  to  1.  They  represent  most  common  types  of  the 
austenitic  cast  irons.  Such  special  Irons  are  more  highly 
resistant  to  chemical  attack  and  less  active  in  galvanic 
action  with  graphite  than  are  regular  gray  cast  irons.  These 
properties  make  them  resistant  to  graphitization.  The  coef- 
ficients of  thermal  expansion  are  considerably  less  than  those 
of  normal  gray  cast  Irons.  Austenitic  gray  cast  iron  alloys 
can  be  used  to  1500°F  as  compared  to  1200°F  for  gray  iron, 
where  only  small  permanent  changes  in  dimensions  may  be  toler- 
ated. 

These  alloys  are  used  in  making  valves,  fittings,  pumps, 
fatty  acid  stills,  still-tube  supports  in  the  petroleum  in- 
dustry, gas-producing  shells,  sulfite  digestor  blowpipes, 
salt  filters,  and  containers  that  hold  caustic  solutions, 
crude  oils,  sulfuric  acids,  and  refined  petroleum  products. 

5. 3. 2. 2 Carbon  Steels.  Plain  carbon  steels  exhibit  cor- 
rosion resistance  similar' to  gray  cast  iron  with  an  important 
exception.  Carbon  in  carbon  steel  forms  carbides,  not  graph- 
ite, and,  therefore,  graphitization  of  carbon  steel  Is  not  a 
problem.  This  material  is  relatively  inexpensive  and  finds 
many  applications  where  good  corrosion  resistance  is  not  a 
requirement . 


5. 3. 2. 3 Low  Alloy  Steels.  Low  alloy  steels  are  carbon 
steel  alloyed  to  elements  m the  range  of  about  2£  total  or 
less.  Additions  in  small  amount  of  such  materials  as  chrom- 
ium, nickel,  copper,  molybdenum,  or  vanadium  fall  into  this 
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category.  These  materials  are  added  in  general  to  increase 
mechanical  properties,  not  corrosion  resistance,  but  some 
increase  in  resistance  to  corrosive  attack  is  generally  ob- 
served. Additions  of  small  amounts  - about  2#  total  or 
less  - often  appreciably  increase  resistance  to  atmospheric 
corrosion.  Such  alloys  as  2#  chrome  - 1/2#  molybdenum  find 
extensive  use  for  boiler  superheater  tubing,  because  of 
combined  heat-  and  corrosion-resistance . However,  low  alloy 
steels  with  higher  percentage  additions  are  often  suscept- 
ible to  stress  corrosion  cracking,  even  under  mild  condi- 
tions . 

5. 3. 2. 4 Stainless  Steels.  Stainless  steels  exhibit 
higher  corrosion  resistance  than  other  steels,  because  large 
amounts  of  chromium  are  added.  Additions  of  from  10  to  30# 
make  this  material  the  main  alloying  element  in  the  stain- 
less group,  although  nickel,  molybdenum,  titanium,  colum- 
bium,  or  copper  are  often  added.  Chromium  is  normally  re- 
active but  passivates  in  many  environments.  Alloys  of  chrom- 
ium exhibit  characteristic  passivity.  This  is  why  stainless 
steel  is  corrosion  resistant. 

Since  over  60  types  of  stainless  steel  exist,  properties  vary 
widely.  Some  are  designed  for  high  strength,  some  for  mach- 
inability.  The  best  known  stainless  steel  is  type  302.  This 
is  basic  18-8  steel  (l8  percent  chromium  and  8 percent  nickel) 
Type  304  is  much  like  302,  with  lower  limits  on  carbon  con- 
tent and  higher  mean  chromium  and  nickel  content.  Type  316 
is  of  the  same  family,  with  molybdenum  added  to  increase  cor- 
rosion resistance  and  high  temperature  strength.  It  can  be 
used  for  many  chemical  tasks.  Type  410  is  a hardenable  heat- 
resistant  alloy  with  good  machining  properties.  Types  201 
and  202  have  corrosion  resistance  comparable  to  302,  but  con- 
tain less  nickel  and  more  manganese.  The  20-alloy,  highly 
alloyed  stainless  steel  composition,  augments  conventional 
18  percent  chromium,  8 percent  nickel  stainless  steel  (ACI 
graded  CP-8,  CF-8M,  and  AISI  types  304,  316)  for  more  severe 
services,  particularly  for  sulfuric  acid  use.  It  corres- 
ponds to  ACI  grade  CN-7M  and  is  available  either  cast  or 
wrought.  Coldworking  Is  the  only  means  of  increasing  the 
hardness  of  type  20-alloy.  It  finds  extensive  use  for  equip- 
ment as  pumps,  valves  and  agitators.  The  20-alloy  Is  super- 
ior to  lo-8  alloys  for  other  uses,  such  as  contact  with  hot 
acetic  acid,  brines,  strong,  hot  caustic  solutions,  hydro- 
fluoric and  hydrofluosillcic  acids,  hot  sulfates  and  sul- 
fites, sulfurous  acid,  phosphoric  acid,  and  plating  solu- 
tions. Sulfate  solutions  usually  have  enough  free  acidity 
to  damage  18-8  alloys,  and  they  require  the  superior  compo- 
sition of  the  20-alloy. 

In  environments  that  are  favorable  to  corrosion  by  oxida- 
tion, stainless  steels  display  a nobility  approaching  that 


of  silver  or  platinum.  Wien  placed  in  strongly  reducing 
madia  and  deprived  of  oxygen , such  alloys  may  move  up  the 
galvanic  series  to  a vulnerable  position  approaching  carbon 
steel. 

Austenitic  stainless  steels  - including  all  the  most  common 
ones  - are  subject  to  damaging  carbide  precipitation  during 
welding  operations.  The  explanation  accepted  for  this  phe- 
nomenon is  the  "chromium  depletion  theory".  This  theory 
suggested  that  tinder  certain  conditions  (slow  cooling  or 
being  held  at  about  1200°P  for  some  time)  chromium  in  the 
mlcrostructure  combines  with  carbon  from  steel  to  form 
chromium  carbide.  This  compound  generally  precipitates  at 
the  grain  boundaries , robbing  this  area  of  its  protective 
dissolved  chromium.  Intergranular  corrosion  results.  Dur- 
ing welding,  often  regions  slightly  to  either  side  of  the 
weld  are  held  at  about  1200°P  for  a time,  due  to  heat  con- 
duction through  the  metal.  All  coatings  should  be  quench- 
annealed  from  2000  to  2100°P  after  welding,  to  reduce  pos- 
sible intergranular  corrosion. 

Table  5-2  lists  common  applications  of  various  stainless 
steels. 
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301  Chutes  for  abrasive  solids 

302  Heat  exchangers , towers,  tanks,  pipe 

302B  Heaters,  heat  exchangers 

303  Pumps,  valves,  instruments,  fittings 

304  Perforated  blowpit  screens,  heat-exchanger  tubing, 

preheater  tubes 

305  Funnels,  utensils,  circular  hoods 

308  Welding  rod;  more  ductile  welds  for  Type  430 

309  Welding  rod  for  Type  304 

310  Jacketed,  high-temperature,  high-pressure  reactors, 

oil-refinery  still  tubes 

316  Distillation  and  fractionating  equipment  for  produc-  ' 

ing  fatty  acids,  sulfite  paper  processing  equip- 
ment, and  fractionating  towers,  brine  and  sea  j 

water  applications  I 

317  Process  equipment  involving  strong  acids  or  chlor- 

inated solvents 

321  Furnace  parts  in  presence  of  corrosive  fumes 
347  Like  302,  but  where  carbide  precipitation  during 
fabricating  or  service  may  be  harmful 
403  Steam-turbine  blades 

405  Tower  linings,  baffles,  separator  towers  j 

4l0  Bubble-tower  parts  for  petroleum  refining,  coal- 
handling  equipment,  seal  plates,  roller  trains 
of  hydraulic  gates,  etc. 

4l4  Beater  bars,  valve  seats  I 

4l6  Valve  stems,  plugs,  gates,  nuts,  bolts  j 

420  High-spring- temper  applications,  surgical  equipment 

430  Nitric  acid  storage  tanks,  furnace  parts,  fen  scrolls  i 

430F  Pump  shafts,  instrument  parts,  valve  parts  j 

431  Products  requiring  high  yield  point,  resistance  to 

shock 

440A  Cutting  edges,  shear  blades,  ball  bearings 

44GB  Cutting  edges,  shear  blades 

440C  Cutting  edges,  shear  blades 

446  Burner  baffles,  furnace  linings 
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5. 3. 2. 5 Aluminum  and  Alloys.  Aluminum,  passive  to 
many  environments,  is  used  extensively  for  pipes,  tubing, 
food  containers,  and  kitchen  utensils.  It  is  extensively 
used  in  chemical  and  petroleum  industries.  In  building  con- 
struction, aluminum  is  used  for  roofing,  window  frames,  and 
hardware.  It  is  also  used  in  aviation  construction,  machin- 
ery, electrical  appliances,  and  as  a metal  paint.  Aluminum 
should  not  be  placed  in  continuous  contact  with  soils  or 
concrete.  Resistance  to  weathering  results  from  protective 
action  of  the  superficial  film  of  oxide  (AI2O3)  or  hydrated 
oxide  (Al(0H)3)  that  forms,  tending  to  prevent  further  cor- 
rosion. This  film  can  be  artificially  induced  by  anodizing, 
passing  electric  current  through  the  metal  surface. 

Aluminum  Is  amphoteric , that  is,  it  reacts  with  either  acids 
or  alkalies.  The  oxide  film  protecting  the  metal  is  stable 
over  an  approximate  pH  range  of  4.5  to  8.5.  This  can  be 
altered  by  certain  ions  whose  influence  affects  the  film's 
resistance.  Aluminum  should  not  be  used  in  acid  or  alkaline 
environment.  Corrosion  problems  can  arise  if  aluminum  is  in 
contact  with  concrete,  an  alkaline  environment,  unless  con- 
crete is  kept  bone  dry.  Aluminum  is  subject  to  pitting, 
crevice  corrosion,  stress  corrosion,  and  exfoliation. 

Aluminum  alloys  are  inexpensive  and  strong,  finding  applica- 
tion where  high  thermal  conductivity  is  required.  Strength 
of  aluminum  alloys  may  be  improved  by  alloying  and  heat 
treatment.  Strengthening,  however,  tends  to  decrease  cor- 
rosion resistance  of  these  materials.  One  means  of  overcom- 
ing this  effect  is  a process  called  cladding,  covering  the 
alloy  surface  with  a thin  skin  of  purer  metal.  Clad  alloys 
resist  pitting  and  stress  corrosion,  the  cladding  acting  as 
an  anode  and  protecting  the  base  metal. 

An  important  working  alloy  without  heat-treatment  properties 
is  the  3003  alloy  (formerly  designated  as  3S)  which  contains 
1.25  percent  manganese.  It  is  resistant  to  heat  and  corros- 
ion. Another  important  aluminum  alloy  is  duraluminum,  orig- 
inally developed  in  Germany.  In  the  United  States,  a simi- 
lar alloy  was  developed,  designated  as  2017  alloy.  This 
alloy  is  composed  of  94  percent  aluminum,  4 percent  copper 
and  0.5  to  1 percent  each  of  magnesium  and  manganese.  It 
is  heat-treated  to  530°C  or  986 °F  and  then  rapidly  cooled 
by  quenching  in  water.  For  about  forty-five  minutes,  it  is 
then  in  a plastic  condition  and  can  be  rolled,  bent,  or 
worked  cold.  Many  other  aluminum  alloys  have  been  developed, 
Composition  and  available  forms  of  aluminum  alloys  are  given 
in  Table  5-3  a nd  applications  are  given  in  Table  5-4. 
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Table  5-3 

AVAILABLE  ALUMINUM  ALLOYS  AND  THEIR  COMPOSITION 


Type 


Alloying  Elements 
percent 


Available  Forms 


3003 

Mn, 

1.30 

Cu, 

0.20 

Plate,  sheet,  wire,  rod. 

extruded  3hapes,  drawn 

tube  and  pipe,  forgings 

3003 

Mn, 

1.25X 

Cu, 

0.20 

Plate,  sheet,  drawn  tube. 

3004 

and  pipe 

Mn, 

1.20 

Mg, 

1.00 

Plate,  sheet,  drawn  tube. 

3004 

~l 

and  pipe 

Mn, 

1.20 

Mg, 

1.001 

Plate,  sheet 

5052 

Mg, 

2.50 

Cr, 

0.25 

Plate,  sheet,  wire,  rod. 

6053 

bar,  drawn  tube,  and 
pipe 

Si, 

0.70 

Mg, 

1.30 

Rivets 

6o6l 

Cr, 

0.25 

Cu, 

0.25 

Si, 

0.60 

Plate,  sheet,  wire,  rod. 

Mg, 

1.00 

bar,  rolled  shapes. 

6063 

Cr, 

0.25 

extruded  shapes,  drawn 
tube,  and  pipe 

Si, 

0.40 

Mg, 

0.70 

Extruded  shapes,  drawn 

43 

tube,  and  pipe 

Si, 

5.00 

Castings 

355 

Cu, 

1.30 

Si, 

5.00 

Castings 

356 

Mg, 

0.50 

Si, 

7.00 

Mg, 

0.30 

Castings 

2017 

Cu, 

4.00 

Mn, 

0.50 

Wire,  rod,  bar 

Mg, 

0.50 

1100 

Commercially  pure 

Plate,  sheet,  wire,  rod. 

aluminum 


bar,  rivets,  forgings, 
forging  stock,  impact 
extrusions 


Properties  of  Clad  3003  and  Clad  3004  are  substantially 
the  same  as  3903  and  3004,  respectively. 
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Table  5-4 


Aluminum  Alloy  Applications 

Siding  and  roofing 
Gutters  and  downspouts 
Building  facades 
Door  and  window  frames 
Aircraft  skin 
Ventilation  ducts 
Heat  exchangers 
Boats  and  ships 
Water-storage  tanks 
Cooking  utensils 
Canning  equipment  and  cans 
Piping 

Underground  chemicals 

Above-  and  on-grade  storage  tanks 

Reinforcing  for  fiber  glass 

Electrical  conductors  and  cables 

Transmission  towers 

Shielding  inside  communication  cables 

Lamp  poles 


Also  used  extensively  in  chemical,  ruDber,  soap,  brewery, 
dairy,  food,  explosive,  and  paint  industries,  and  for  various 
electrical  applications . 

5. 3. 2. 6 Copper  and  Alloys . Copper  is  an  excellent  ma- 
terial for  many  applications  because  it  is  relatively  noble 
in  many  environments,  it  exhibits  good  electrical  and  ther- 
mal conductivity,  and  it  is  easily  formable  and  strong.  Be- 
cause hydrogen  evolution  does  not  play  a role  in  most  cor- 
rosion of  copper,  this  metal  is  resistant  to  attack  by  acids. 
However,  if  oxidizing  agents  are  present,  corrosion  will  oc- 
cur. Copper  is  subject  to  stress  corrosion  in  alkaline  en- 
vironments. Copper  is  often  used  for  pipes  and  containers 
for  corrosive  solutions,  and  for  tubing  for  gas,  oil,  and 
water.  Copper  ground  rods  are  used  extensively  in  utilities 
services.  Roofing,  gutters,  waterspouts,  water  piping,  air 
conditioning,  store  fronts,  and  screens  made  of  copper  are 
permanent  a3  well  as  pleasing  in  appearance . Perhaps  the 
most  obvious  use  of  copper  is  for  electrical  cable  and  con- 
ductors, because  of  its  good  electrical  conductivity. 

Copper  alloys  have  inherently  good  resistance  to  corrosion. 
They  are  used  widely  in  chemical  processing  particularly 
when  heat  and  electrical  conductivity  are  required.  They 
often  form  films  of  Insoluble  corrosion  products,  which  ef- 
fectively protect  the  base  metal.  In  some  cases,  an  alloy 
that  is  highly  resistant  in  stagnant  solution  may  be  attacked 
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by  turbulent  solution.  Oxygen  or  oxidizing  agents  generally 
accelerate  corrosion  of  copper  alloys.  Composition  of  cop- 
per alloys  is  given  in  Table  5-5  and  applications  in  Table 
5-6. 


Copper  alloys  are  resistant  to  most  organic  solvents  such  as 
acetates,  alcohols,  aldehydes,  ketones,  petroleum  solvents, 
and  others.  Organic  acids  in  aqueous  solution  may  contact 
most  copper  alloys,  but  corrosion  is  not  accelerated  when 
air  is  present.  Special  brasses  and  brasses  containing  a 
minimum  of  85  percent  copper  are  moderately  resistant  to 
nonoxidizing  acids. 


Copper  alloys  are  also  resistant  to  attack  by  pure  steam. 
Steam  containing  carbon  dioxide,  oxygen,  and  ammonia  is  not 
corrosive  but  condensate  containing  these  elements  is  corros- 
ive, particularly  to  brasses  that  are  high  in  zinc  content. 


Often  copper  exhibits  corrosion  resistance  at  least  partially 
because  of  cathodic  protection  received  from  other  metals  it 
contacts.  This  Is  especially  common  with  ferrous  metals,  re- 
sulting in  a galvanic  cell  with  iron  or  steel  corroding  to 
protect  copper.  In  such  cases,  copper  actually  corrodes  the 
other  metal.  It  may  be  necessary  to  coat  the  copper  to  les- 
sen this  problem,  especially  when  the  copper  area  is  large 
relative  to  the  anodic  ferrous  metal  (area  effect ) . 


Another  problem  encountered  with  copper  is  corrosion  of 
buried  tubing  (utility  service  lines,  etc.)  by  deicing  salts 
and  fertilizers  in  soil  (paragraph  4.15.1.1). 


Copper  and  brasses  are  subject  to  cavitation  and  impingement 
corrosion.  Above  a critical  water  velocity  of  about  4 to  5 
feet  per  second,  copper  water  tubing  may  fail  easily  from 
this  problem. 


Binary  copper-zinc  alloys  with  less  than  85  percent  copper 
may  be  rapidly  attacked  by  dezincification.  Moist  carbon 
dioxide  is  corrosive  to  brasses  high  in  zinc;  in  contact 
with  other  copper  alloys,  however,  it  is  generally  noncorros- 
ive. Moist  chlorine  gas  and  ammonia  are  corrosive  to  all 
copper  alloys.  Unless  chloride  hydrocarbons,  such  as  carbon 
tetrachloride  and  trichloroethylene,  are  stabilized  to  assure 
neutrality,  they  are  somewhat  corrosive  to  copper  alloys  at 
the  boiling  point  and  in  the  presence  of  moisture.  Alloys 
with  more  than  65  percent  copper  should  not  be  used  with  wet 
gas  under  pressure.  Sulfides  are  more  corrosive  to  alloys 
high  in  copper  than  to  brasses  such  as  yellow  brass,  Muntz 
metal.  Admiralty,  or  Tobin  bronze.  Copper  alloys  should  not 
be  used  with  oxidizing  acids. 
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fable  5-5 

Composition  of  Common  Copper  Alloys 
Cosmos it Ion,  percent 


Brass,  aluminum 

Cu,76 

Zn,21.96 

Al,2 

Brass,  naval 

Cu,60 

Zn, 39.25 

Sn,0.75 

Brass,  red 

Cu,85 

Zn,15 

Brass  (arsenical 
admiralty ) 

Cu,70 

Zn,28.96 

Sn,l 

Brass  (Muntz  metal) 

Cu,60 

Zn,4o 

Bronze,  aluminum 

Cu,95 

Al,5 

Bronze , phosphor 

Cu,95.75 

Sn,4 

P,0.25 

Copper,  Silicon 

Cu,95.8 

Si, 3.1 

Mn,l.l 

Cupro-nickel 

Cu,80 

Nl,20 

Table  5-6 

Applications  of  Copper  Alloys 

Equipment  Metals  Used 


Brewing 

Distilling 


Oil  refining 


Pulp  and  paper 


Salt 

Sugar 


Piping 

Piping 

Condensers 

Gas  cooler 
tubes 

Condenser  and 
heat-exchang- 
er tubes 
Tube  sheets 


Water  piping 
Stock  lines 
Wire-Fourdri- 
nier  screens 
Slotted  screen 
plates 
Tubes  for 
vacuum  pans 
Evaporator 
tubes 

Calandrlas , 
syrup  tanks, 
mixers 
Heat  exchan- 
ger tubes 
Tube  sheets 


Copper,  red  brass 
Copper,  red  brass 
Copper,  arsenical 
admiralty 

Arsenical  admiralty 

Arsenical  admiralty, 
cupro-nickel,  aluminum 
brass,  red  brass 
Muntz  metal,  naval  brass, 
cupro-nickel,  aluminum 
bronze 

Copper,  red  brass 
Copper, copper-silicon 
Brass,  phosphor  bronze 

Phosphor  bi-onze,  alumi- 
num brass 

Copper,  arsenical  admir- 
alty, cupro-nickel 
Copper,  red  brass,  arsen- 
ical admiralty 
Copper-silicon 


Arsenical  admiralty 
Naval  brass 
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5. 3.2.7  Magnesium  and  Alloys.  Magnesium  finds  applica- 
malnly  because  it  Is  extremely  lightweight  but  strong  when 
alloyed.  Magnesium  is  also  anodic  to  most  metals  and  there- 
fore subject  to  galvanic  corrosion.  Impurities  in  the  metal 
(such  as  iron,  copper  or  nickel)  serve  as  cathodes  causing 
magnesium  to  corrode.  Addition  of  small  amounts  of  mangan- 
ese, zinc  and  aluminum  tend  to  offset  some  harm  caused  by 
these  impurities. 

Magnesium  forms  a protective  oxide  film  in  atmosphere.  This 
supplies  good  corrosion  resistance  where  salt  is  not  present. 
Alloys  are  susceptible  to  erosion  corrosion,  pitting  and 
stress  corrosion,  and  are  attacked  by  most  acids.  Magnesium 
is  resistant  to  hydrofluoric  acid,  however,  due  to  a protec- 
tive layer  of  corrosion  product  which  forms. 

Magnesium  is  utilized  in  aircraft  and  aerospace  applications, 
luggage,  and  portable  equipment  because  of  its  light  weight. 
This  metal  also  finds  application  because  of  its  anodic 
properties  as  galvanic  anodes  for  cathodic  protection 
(Section  7)  and  in  batteries.  Magnesium  as  galvanic  soil 
anodes  requires  low-resistance  backfill  to  obtain  higher 
current  output.  These  anodes  will  generally  work  in  most 
soils  even  If  not  backfilled.  However,  backfilling  assures 
more  even  and  higher  current  output.  Unalloyed  magnesium  Is 
never  used  for  anode  materials.  Various  alloys  are  avail- 
able for  this  purpose,  depending  on  specific  properties  re- 
quired of  the  anode. 

5. 3. 2. 8 Lead  and  Alloys.  Lead  is  passive  to  many  en- 
vironments, particularly  acids.  It  Is  used  extensively  for 
cable  sheaths,  pipes,  and  lining  tanks  and  vessels  for  cor- 
rosive solutions.  Lead  and  Its  alloys  are  widely  used  in 
cladding  equipment  for  production,  transmission,  transporta- 
tion, and  storage  of  a variety  of  corrosive  chemicals. 

Corrosion  resistance  of  lead  and  its  alloys  stems  from  a 
thin  coating  that  forms  on  Its  surface.  If  the  coating  is 
one  of  highly-insoluble  salts,  such  as  the  sulfate,  carbor- 
ate,  or  phosphate,  resistance  to  corrosion  is  high  and  the 
environment  generally  promotes  self-healing  when  mechanical 
injury  occurs  to  the  film.  Conversely,  when  a soluble  film 
such  as  nitrate,  acetate,  or  chloride  forms,  little  protec- 
tion is  afforded,  and  the  lead  may  corrode  further.  Like- 
wise, If  insoluble  protective  coatings  are  removed  mechan- 
ically, for  example,  by  abrasion  or  erosion,  or  If  dissolved 
chemically,  as  in  some  forms  of  mixed  corrosion,  corrosion 
resistance  is  similarly  reduced. 

Chemical  lead,  acid  lead,  and  copper  lead  are  usually  spec 
if led  for  chemical  construction.  Small  amounts  of  silver 
and  copper  in  such  leads  add  to  corrosion  resistance  of 
lead  and  Improve  creep  and  fatigue  resistance. 
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Lead  alloys  with  about  1 percent  antimony  and  a small  amount 
of  tin  have  been  used  on  electric  power  cables  and  tele- 
phone cables  as  sheath.  Lead-antimony  alloy  of  about  4 per- 
cent antimony  Is  used  as  cladding  for  steel  straps.  Anti- 
mony adds  strength  to  lead,  but  the  strength  greatly  de- 
creases with  temperature.  Lead  cable  sheaths  are  used 
either  bare  or  coated,  commonly  with  coal  tar  compounds  and 
Jute  wrapper.  They  are  frequently  grounded  or  shielded  from 
external  noise  and  physical  damage  with  copper,  steel,  or 
combinations  of  these.  Such  shielding  or  grounding  may  pre- 
sent problems  with  galvanic  corrosion.  Lead  cables  may  be 
direct  burial  (burled)  or  placed  In  ducts  (underground). 
Cathodic  protection  can  be  effective  to  mitigate  corrosion 
of  lead,  but  care  must  be  taken  to  avoid  excess  current. 

Lead  is  amphoteric,  and  high  current  gives  rise  to  alkaline 
conditions  which  are  therefore  corrosive.  Stray  current 
corrosion  can  be  a serious  problem  with  lead  because  the 
metal  corrodes  at  a rate  of  about  75  pounds  per  ampere  year 
(compared  to  20  pounds  per  ampere  year  for  ferrous  metals). 

5. 3. 2. 9 Zinc  and  Alloys.  Prime  uses  for  zinc  in  cor- 
rosion control  are  as  sacrificial  coatings  (galvanizing), 
galvanic  anodes  for  cathodic  protection,  and  as  pigments  to 
corrosion  resistant  paints.  Zinc  itself  is  not  corrosion 
resistant.  If  the  metal  or  its  alloys  are  used  in  other 
applications,  it  Is  generally  because  of  low-melting  points 
for  die  casting;  however,  these  castings  are  then  usually 
coated  with  more-resistant  metal. 

Zinc  readily  passivates  in  soil  or  water  containing  carbon- 
ates, so  use  of  a backfill  is  required  for  zinc  anodes.  It 
Is  also  Important  to  test  the  proposed  environment  for  car- 
bonates prior  to  use,  as  it  may  be  Impossible  to  use  zinc 
at  all. 


5.3.2.10  Nickel  and  Alloys.  Nickel  and  its  alloys  are 
prime  engineering  materials  because  of  corrosion  resistance, 
high  strength  and  hardness  properties,  and  ductility  over  a 
wide  temperature  range.  Nickel  imparts  stress  corrosion 
resistance  to  Its  alloys,  and  nickel  alloys  are  highly  resis- 
tant to  alkaline  solutions.  Nickel  and  its  alloys  are  at- 
tacked by  strong  oxidizing  agents  and  sulfur-bearing,  hot 
gases.  Important  alloys  are  discussed  individually. 

a.  Chlorimets.  Chlorimets  contain  about  60  percent 
nickel,  plus  chromium  and  molybdenum  in  major  concentra- 
tions. They  are  extremely  corrosion  resistant  and  used  for 
such  applications  as  sulfuric  acid  solutions.  The  cost 
factor  can  be  limiting,  but  they  are  used  frequently  none- 
theless. 

b.  Haste  Hoys.  Haste  lloys  are  used  under  extreme 

corrosive  conditions.  They  arc  expensive,  yet  economical 
in  many  'situations  encountered  in  the  chemical  process  Indus-  . 

try.  High  temperature  properties  arc  r.ood.  Composition  and  j i 
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appllcatlonr,  of  Hactelloys  B,  C,  and  D are  given  in  Table 

5-7. 


Hastelloy  B is  nickel-molybdenum- iron  alloy  developed  to  re- 
sist certain  severe  corrosive  conditions.  It  has  good  high 
temperature  properties  and  is  particularly  well-suited  for 
equipment  that  comes  in  contact  with  hydrochloric  acid  at 
all  concentrations  and  temperatures  and  hydrogen  chloride 
gas.  It  also  has  good  corrosion  resistance  to  sulfuric  and 
phosphoric  acids.  Strong  oxidizing  agents  should  be 
avoided.  Hastelloy  B is  similar  to  austenitic  stainless 
steel  in  its  working  properties  and  microstructure.  Pull 
annealing  of  a fabricated  vessel  is  recommended  prior  to 
service  in  severely  corrosive  environments. 

Hastelloy  C has  excellent  resistance  to  a wide  variety  of 
corrosives.  It  retains,  to  a large  extent,  the  resistance 
of  nickel-molybdenum  alloys  to  nonoxidizing  agents,  whereas 
chromium  provides  general  resistance  to  oxidizing  agents. 
Hastelloy  C is  machinable  and  can  be  fabricated  ty  most 
methods.  It  has  high  room  temperature  ductility  and  good 
weldability.  To  assure  optimum  corrosion  resistance,  fin- 
ished units  should  be  fully  annealed  to  relieve  stresses 
and  dissolve  all  constituents  except  primary  carbides. 
Annealing  should  be  followed  by  rapid  quenching  in  water  or 
cooling  in  air.  Hastelloy  C is  widely  used  when  extremely 
hot  strength  is  the  primary  requirement,  as  well  as  when 
high  temperatures  are  combined  with  corrosive  conditions. 

Hastelloy  D is  most  widely  known  for  exceptional  resistance 
to  sulfuric  acids  of  all  concentrations  and  temperatures 
even  up  to  the  boiling  point.  The  alloy  also  has  good  resis- 
tance to  other  corrosives,  including  phosphoric  acid,  organ- 
ic acids  and  acid  salts.  It  has  high  strength,  good  resis- 
tance to  thermal  shock,  good  abrasion  resistance,  and  is 
somewhat  difficult  to  machine.  It  is  available  only  in 
cast  form. 
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No,  16-18  Or,  15.5-17.5  Heat  exchangers  for 
Fe,  4.5-7  V,  3.75-4.75  cooling  alnnlnun 

C,  0.15  mx.  Hn,  1.0  nax.  chloride,  hydro- 

31,  1.0  nax.  P,  0.64  nax.  chloric  add  stream 

Hi,  balance  with  sea  water. 

Valves,  piping,  and 
vessels  for  handling 
chlorine  gas,  wet 
and  dry. 

Cr,  1.0  nax.  Equipment  for  alkyla- 
C,  0.12  nax.  tlon  of  benzene  to 
31,  1.0  nax.  ■ ethyl  benzene.  Lin- 
ing for  iBonerlza- 
tlon  towei»s  in  pro- 
duction of  aviation 
gasoline . 

Cr,  1.0  nax.  Fe,  1.0  max.  Heating  tubes  In 
C,  0.12  nax.  Mb,  0.80-1.25  Uinonson-Hantlus 
Si,  8.50-10.0  Cu,  3.85-4.25  sulfuric  acid  con- 
Nl,  balance  centrators  and 

oheulco-type  con- 
centrators. Check 
valves  for  handling 
yield  from  corrosive 
and  sandy  oil  wells. 
Pumps  handling 
sludge  containing 
sulfuric  acid. 


No,  26-30 
Fe,  4-7 
Mn,  1.0  nax. 
Nl,  balance 


c.  Monel.  Monel  Is  probably  the  most  Important  cop- 
per-nickel alloy.  It  contains  67  percent  nickel,  30  percent 
copper  and  is  stronger  than  nickel.  It  is  more  resistant 
than  nickel  under  reducing  conditions  and  more  resistant 
than  copper  under  oxidizing  conditions.  Applications  of 
Monel  are  given  in  Table  5-8. 

Corrosion  of  Monel  is  practically  nil  in  all  concentrations 
of  air-free  sulfuric  acid  up  to  about  80  percent.  Even  in 
air-saturated  acid  below  8 0 percent,  maximum  corrosion  is 
only  0.04  inch  per  year.  Monel  is  second  only  to  silver  in 
resistance  to  hydrofluoric  acid.  Its  use  is  not  recom- 
mended, however,  with  oxidizing  acids.  Monel  is  available 
in  casting,  forgings,  hot  rolled  bars,  and  sheets. 

Table  5-8 

Applications  of  Monel 
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Application 

Equipment 

Distillation 

Evaporators 

Fans,  similar  uses 

Qas  filters 

Preheaters,  regenerators, 
strippers 

Screening,  treatment, 
washing,  handling 

Turbine  bladeB,  valve  trim, 
plates 


Materials  and  Processes 


Salts,  by-product  coke  and 
gas  industry,  organic  chlor- 
inatlons,  sugar  manufacture, 
plastics,  oil  sulfonation, 
and  rubber  synthesis 

Fatty  acids 

Black  liquor  (tubes),  zinc 
chloride  (coils,  tubes), 
aluminum  sulfate 

Phosphoric  acid  (by  phosphorus 
vaporization ) 

Ammonia  oxidation 

Manufacture  of  avgas  by  HF 
alkylation 

Pulp  stocks 


Steam  service  (700°F  to  800°F) 


Chlorine  service 
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Valve  trim,  orifice  plates 


d.  Inconel.  Inconel  Is  an  alloy  that  has  the  follow- 
composition:  Ni,  77  percent  Cu,  0.2  percent;  Fe,  7 percent; 

Cr,  15  percent;  Si, 0.25  percent;  Mn,  0.25  paecent;  C,  0.6 
percent;  and  S,  0.007  percent,  inconel  retains  considerable 
resistance  under  reducing  conditions.  In  strong  oxidizing 
solutions  it  is  practically  free  from  attack  because  of  the 
tendency  of  chromium  to  become  passive  by  covering  itself 
with  a protective  layer  of  oxide.  When  heated  in  air,  the 
alloy  resists  progressive  oxidation  to  about  2000°F.  Such 
outstanding  resistance  to  oxidation  is  supplemented  by  ex- 
cellent creep  characteristics.  Applications  of  Inconel  are 
given  in  Table  5-9. 


Table  5-9 

Inconel  Applications 


Type  of  Application 
Evaporators 

Fermentation  tanks 

Heaters 
Lined  towers 


Materials  Being  H&ndled 
Concentration  of  magne’s’ium 
chloride  (tubes) 

Processing  of  penicillin  Chloro- 
mycetin 

Sulfate  digester  liquor 
Fat-splitting  by  continuous  high- 
pressure  high-temperature 
hydrolysis 


5.3.2.11  Tin  and  Alloys.  Tin’s  major  use  is  as  a pro- 
tective coating  for  steel  in  "tin  cans"  containing  food 
products.  Normally  cathodic  to  steel,  in  this  application, 
potentials  reverse,  and  tin  becomes  a sacrificial  coating. 
Tin  Is  a weak  metal,  soft  and  easily  formed.  Tin  is  some- 
what resistant  to  atmospheric  corrosion  and  Is  not  attacked 
by  distilled  waters. 


Tin  is  used  for  cans  in  paint,  beverage,  and  petroleum  in- 
dustries as  well  as  for  food  products.  This  metal  is  also 
used  for  handling  distilled  water,  for  medicants,  and  in 
solder.  Tin  foil  is  more  expensive  than  aluminum  foil  and 
has  been  replaced  by  the  latter  for  most  applications. 

5.3.2.12  Other  Metals. 

a.  Titanium  and  Titanium  Alloys.  Titanium  alloys  are 
used  for  high  corrosion  resistance  and  high  strength-to- 
weight  ratio  at  temperatures  up  to  800°F.  Titanium  is  Immune 
to  salt  air  and  salt-water  corrosion.  It  can  be  heated  up  to 
1000°F,  without  impairing  its  properties  by  oxygen  penetra- 
tion. At  elevated  temperatures,  it  will  react  with  fluorine, 
chlorine  and  Iodine.  It  also  reduces  all  known  oxides. 

The  iodine  reaction  is  reversible,  permitting  production  of 
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Improved  manufacturing  techniques  and  lowered  costs  are  mak- 
ing titanium  more  competitive. 

b.  Tantalum.  Tantalum  is  a high-priced  metal  which 
can  be  used  in  thin  sheets  to  reduce  costs.  It  resembles 
glass  in  chemical  properties,  and  often  is  used  to  repair 
glass-lined  equipment.  This  metal  is  highly  corrosion  resis- 
tant in  most  environments.  It  is  attacked  by  alkaline  solu- 
tions, and  hydrofluoric  acid  and  is  subject  to  hydrogen  em- 
brittlement. Tantalum  is  used  mainly  in  heat-transfer  equip- 
ment . 

c.  Zirconium.  Zirconium  is  resistant  to  most  acids 
and  alkalies.  Practically  inert  at  temperatures  up  to  390° 

P,  it  can  be  used  at  temperatures  as  high  as  4000°F  under 
oxidizing  conditions.  Impurities  such  as  aluminum,  carbon, 
and  nitrogen  Impair  corrosion  resistance.  Zirconium  is  sub- 
ject to  hydrogen  embrittlement  and  rapid  attack  In  high  tem- 
perature waters.  Zirconium  is  used  for  crucibles  and  tubes, 
plates,  and  other  shapes,  and  in  hydrochloric  acid  handling. 

d.  Columbium.  Columbium  is  corrosion  resistant  to 
many  environments  at  ordinary  temperatures;  corrosion  rate 
Is  Increased  greatly  at  temperatures  above  210°F.  When 
added  in  small  amounts  to  chrome  steel,  columbium  will  pre- 
vent Intergranular  corrosion.  The  amount  of  columbium  re- 
quired to  prevent  completely  the  Intergranular  attack  should 
be  about  ten  times  the  carbon  content  of  steel. 

e.  Cadmium.  Cadmium  finds  application  mainly  as  an 
electroplated  coating.  Cadmium  Imparts  resistance  to  cor- 
rosion fatigue  to  high-strength  steels;  this  Is  Important 
In  aircraft.  Cadmium  Is  generally  less  effective  than  zinc 
as  a sacrificial  coating,  and  more  expensive. 

f.  Noble  Metals.  Gold,  platinum,  and  silver  have 
excellent  corrosion  resistance  but  are  prohibitively  expen- 
sive. They  are,  however,  used  in  industry  and,  of  course, 
for  Jewelry.  Often  noble  metals  provide  coatings  for  less 
expensive,  stronger  metals. 


Gold  Is  sometimes  used  In  subminiature  electronic  assemblies 
where  a buildup  of  corrosion  product  would  affect  the  pre- 
cise size  and  electrical  behavior  of  the  part.  This  metal 
Is  attacked  by  strong  oxidizing  agents  such  as  aqua  regia, 
and  by  chlorine,  bromine,  and  mercury. 


Platinum  is  frequently  used  as  an  anode,  sometimes  as  a sur- 
face layer  on  titanium  or  tantalum.  Platinized  platinum 
makes  a good  auxilliary  electrode  for  laboratory  measure- 
ments requiring  reproducibility.  It  is  attacked  by  aqua 
regia,  chlorine,  bromine,  and  ferric  chlorides. 
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Silver  Is  used  In  electrical  work  where  even  slight  corros- 
ion of  other  metals  would  cause  problems.  Silver  oxide,  un- 
like the  oxides  of  most  metals,  including  copper,  conducts 
electricity.  Consequently,  silver,  corroded  slightly,  is 
still  electrically  sound  and  is  dependable  for  rugged  ser- 
vice like  switches.  Silver  is  attacked  by  strong  acids  and 
mercury  and  it  will  "tarnish”  in  air  containing  sulfur  com- 
pounds . 

5.3.3  Non-Metals . 

5. 3. 3.1  Materials . Materials  other  than  metals  are 
used  in  corrosive  environments.  In  many  instances, 
strength  and  corrosion  resistance  are  superior  to  metals, 
and  the  costs  may  be  less. 

a.  Plastics.  Plastics  have  become  important  mater- 
ials of  construction.  The  specific  use  of  a plastic  depends 
on  its  chemical,  physical,  and  electrical  properties. 
Plastics  are  used  extensively  in  the  chemical  industry  for 
handling  corrosive  liquids.  Tanks,  vats,  kettles,  pipes, 
and  pump  parts  made  of  plastics  are  examples  of  their  appli- 
cation in  contact  with  corrosive  environments.  To  cite  an 
example  of  their  application  to  insulation,  plastics  are 
used  extensively  as  cable  Jackets.  Some  Jackets  are  applied 
over  lead-sheath  cables  to  protect  lead  from  corrosion. 
Lead-sheath  in  this  case  is  used  to  exclude  moisture,  and 
plastic  is  used  to  isolate  the  lead-sheath  from  a corrosive 
environment . 

Plastic  is  defined  as  a synthetic  organic  solid  material 
whose  chief  component  is  a resinous  binder.  At  some  stage 
in  its  production,  the  binder  is.  either  plastic  (capable  of 
being  shaped  or  extruded)  or  liquid  (capable  of  being  cast 
or  otherwise  made  into  the  solid  material)  and,  at  some  sub- 
sequent stage,  it  assumes  a more  or  less  rigid  condition. 
Most  plastics  are  produced  synthetically,  because  they  do 
not  occur  naturally.  Processes  such  as  condensation  and 
polymerization  yield  plastics  for  practical  usage. 

Plastics  are  generally  softer  and  weaker  than  metals.  They 
have  a lower  temperature  range  and  are  easily  melted.  They 
are  more  resistant  than  most  metals  to  substances  such  as 
chlorides  but  less  resistant  to  solvents  and  oxidizing 
acids.  Plastics  do  not  corrode  electrochemically  like 
metals.  Instead,  they  deteriorate  and  change  properties  by 
growing  soft  or  hard,  losing  strength,  or  spalling  and  dis- 
coloring. Properties  of  plastics  can  be  altered  desirably 
with  fillern,  plant loizorn.  and  hardonorr. . 
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wood  Impregnated  with  suitable  resin,  usually  a phenolic, 
urea,  or  polyester  type.  Sheets  are  piled  on  one  another 
to  give  the  required  thickness  and  then  heated  and  pressed 
together. 

Plastics  are  divided  into  thermosets  (thermally  reacting 
chemically  to  produce  their  final  state),  and  thermoplastics 
(softened  by  heat  but  not  depolymerizing  on  heating).  Cur- 
rently, thermoplastics  are  enjoying  the  greatest  popularity 
in  industrial  and  utilities  applications. 

(1)  Thermoplastics.  Thermoplastics  are  character- 
ized by  their  ability  to  be  reworked;  they  soften  at  in- 
creased temperatures  and  regain  hardness  upon  cooling. 
Primary  thermoplastics,  employed  as  engineering  materials, 
are  described  here. 

(a)  Polyethylene.  Polyethylene  currently  makes 
up  the  greatest  tonnage  of  all  plastics  produced.  This 
plastic  has  excellent  resistance  to  moisture.  At  ordinary 
temperatures,  it  has  good  resistance  to  both  chemical  and 
solvents  and  also  to  heat.  By  incorporating  suitable  pig- 
ments, it  is  resistant  to  ultraviolet  light.  High-molecular 
weight  polyethylenes  are  fungi-resistant  and  have  good  elec- 
trical properties.  At  elevated  temperatures,  polyethylene 
is  subject  to  thermal  oxidation  and,  when  exposed  to  light, 
it  is  subject  to  photo-oxidation.  It  is  also  subject  to 
radial  stress  cracking.  Two  common  types  of  derivatives  of 
polyethylene  are  chlorosulfonated  polyethylene  and  polymono- 
chlorotrifluoroethylene.  The  derivatives  are  similar  to 
polyethylene  except  that  they  are  more  polar;  therefore, 
they  have  superior  adherence  and  heat  resistance. 


Polyethylene  has  a wide  variety  of  uses.  It  is  commonly 
used  for  piping  water  and  many  chemicals.  This  plastic  also 
is  marketed  for  many  household  uses;  ice  trays  and  containers 
of  all  kinds  are  common. 

(b)  Fluorocarbons.  At  present,  there  are  two 


popular  fluoroethylene  resins,  polytetrafluoroethylene  , x 
(Teflon) l1)  and  polymor 


polymonochlorotrif luoroethylene  (Kel-F ) ' d > . 
They  are  the  most  chemically  resistant  of  the  organic  poly- 
mers and  have  excellent  heat  resistance.  Kel-F  has  good 
heat  resistance  at  390°F;  Teflon  has  good  heat  resistance 
at  500°F.  Both  have  good  properties  at  low  temperatures. 
They  are  unaffected  by  sunlight,  acids,  and  alkalies.  Tef- 
lon is  not  attacked  by  organic  solvents,  but  Kel-F  swells 
slightly  under  influence  of  halogenated  compounds.  They  are 
non-flammable,  nonadsorptive  to  water  and  are  resistant  to 
fungi.  They  have  excellent  electrical  properties.  These 
resins  are  used  for  piping,  handling  corrosive  liquids,  and 
electrical  insulation  for  high  heat  resistance.  They  are 
also  used  as  a gasket  material  where  corrosion  and  heat  are 
encountered,  as  insulations  of  wiring  in  transformer^,  and 
as  linings  for  tanks  and  vessels  for  handling  corrosive 
liquids . 
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(1)  Tradename  of  E.I.  DuPont  de  Nemours  & Co.,  Inc., 
Wilmington,  Delaware. 

(2)  Tradename  of  3M  Company,  St.  Paul,  Minnesota. 

(c)  Radiation  Cross-Linked  Plastics.  Two  radia- 
tion cross -llmcea  plastics  nave  found  use  as  cable  insulation 
in  severe  environments.  In  deep  groundbeds,  where  gaseous 
reaction  products  tend  to  build  up  and  react  with  traditional 
cable  insulations,  radiation  cross-linked  plastics  have 
proven  more  effective.  In  particular,  radiation  cross-linked 
polyalkene  and  radiation  cross-linked  polyvinylidene  fluoride 
are  used  for  this  purpose. 

(d)  Polypropylene.  Polypropylene  is  lightweight 
and  exhibits  heat  and  corrosion  resistance  superior  to  poly- 
ethylene. This  plastic  retains  strength  at  elevated  temper- 
atures to  a greater  extent  than  many  thermoplastics.  How- 
ever, at  low  temperatures,  it  fails  on  impact  more  easily. 
Polypropylene  is  used  for  pipe,  valves,  fittings,  containers 
that  will  be  heated,  and  rope. 

(e)  Rigid  Polyvinylchloride  (P.V.C.).  This  plas- 
tic is  fungi-resistant.  It  has  high  resistance  to  acids, 
alkalies,  and  alcohols,  but  is  subject  to  light  and  heat  de- 
terioration. Without  plasticizers,  it  is  hard  and  makes  a 
good  durable  material.  When  plasticized,  it  has  a wide  range 
of  flexibility.  Polyvinylchloride  has  very  good  electrical 
insulating  properties  and  is  used  extensi/ely  as  an  insulat- 
ing tape  and  as  a protective  covering  in  corrosive  environ- 
ments. It  is  also  used  for  tubing,  air  ducts,  and  tanks  con- 
taining corrosive  liquids,  and  as  a plastic  paint,  sheeting, 
and  covering. 

(f)  Polystyrene.  This  plastic  has  some  outstand- 
ing features:  high  refractive  index,  low  specific  gravity, 

good  electrical  properties,  and  resistance  to  water  and  chem- 
icals. Modifications  have  been  made  to  improve  temperature- 
distortion  characteristics.  It  Is  more  brittle  than  most 
other  thermoplastic  materials;  is  soluble  in  esters,  ketones, 
aromatic  hydrocarbons,  and  carbon  tetrachloride;  and  is  sub- 
ject to  fungi  attack.  Polystyrene  is  inexpensive.  It  shows 
good  resistance  to  attack  by  hydrofluoric  acid.  It  Is  extru- 
ded and  molded  for  light  structural  items  of  limited  heat 
resistance  to  100°C  and  is  used  for  piping  when  polymerized 
with  esters,  as  cast  optical  parts,  and  in  electronic  com- 
ponents. It  is  usually  reinforced  and  laminated. 

(g)  Chlorinated  Polyether.  A relatively  new 
plastic,  chlorinated  polyether  is  used  in  many  corrosive  en- 
vironments, for  coatings  and  linings  and  also  for  pipe  and 
valves.  It  exhibits  good  corrosion  resistance  even  to  aggres- 
sive environments. 

(h)  Acrylics.  The  most  Important  acrylic  resin  is 
methyl  methacrylate.  It  has  excellent  optical  properties, 
dimension  stability,  resistance  to  outdoor  weathering,  and 
chemical  resistance.  Heat-resistant  formulations  are  avail- 
able that  can  tolerate  boiling  water  without  distortion. 
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Methyl  methacrylate  Is  fungi-resistant,  and,  with  some  plas- 
ticizers, it  has  good  resistance  to  bacteria  and  insects. 

It  has  good  physical  properties,  but  will  degrade  above 
220°C  by  becoming  unstable.  It  is  used  for  structural  sheets, 
clear  plastic  domes  for  aircraft,  windows,  instrument  covers, 
optical  parts,  coatings,  electronic  components,  water-dis- 
persed water  paints,  and  rigid  piping.  It  is  the  principal 
resin  in  many  clear  plastic  coatings. 

(i)  Polyamides  (Nylon).  These  resins  vary  in  com- 
position and  form;  some  are  rigid  and  others  are  semi-flexi- 
ble. They  are  practically  inert  to  alkalies,  organic  acids, 
and  most  solvents;  they  have  an  extremely  slow  burning  rate 
and  are  self-extinguishing.  Tough  and  resistant  to  abrasion, 
they  have  good  resistance  to  fungi  and  moderate  resistance  to 
mineral  acids.  However,  they  will  rapidly  disintegrate  in 
cold,  concentrated  nitric  acid  and  will  absorb  water,  result- 
ing in  dimensional  instability.  They  readily  oxidize  at  high 
temperatures.  At  normal  temperatures,  oxygen,  ozone,  and 
sunlight  have  some  degradation  effect.  Polyamide  resins  are 
used  as  electronic  components,  bearing  materials,  and  nylon 
rope,  as  well  as  protective  braid  cover  over  insulated  wire 
and  power  cables. 

(J)  Vinyls.  Commonly-used  vinyls  are  co-polymers 
of  vinylchloride  and  vinylacetate.  SaranT3),  a vinyl  often 
used,  is  mainly  vinyladenechloride . These  materials  are 
used  for  tubing,  pipe,  phonograph  records,  fibers,  and  Insu- 
lation. 

(k)  Acrylonitrile  Butadiene  Styrene  (ABS).  Use 
of  ABS  In  industry  Is  declining.  It  has  been  used  for  gen- 
eral oil  field  applications  including  pipe.  This  material 
Is  strong  and  tough,  and  heat  stable.  It  Is  generally  cor- 
rosion resistant,  but  cannot  be  used  for  handling  most 
organic  solvents . 

(l)  Cellulose  Acetatebytyrate  (CAB).  CAB  is  one 
of  the  original  plastics  used  industrially,  but  Its  use  has 
declined  greatly.  This  plastic  has  low  moisture  absorption 
and  will  resist  weak  acids,  salt  solutions,  and  aliphatic 
hydrocarbons.  It  is  subject  to  swelling  in  alcohol  and 
aromatic  hydrocarbons  and  will  dissolve  In  some  esters, 
ketones,  and  chlorinated  hydrocarbons.  It  has  fair  resis- 
tance to  acids  and  alkalies,  weathering,  and  aging.  Such 
plastics  have  high  Impact  strength  and  are  tough;  however, 
they  may  have  a noticeable  odor.  Industrially,  however, 
they  were  used  extensively  as  pipe  below  grade  for  water 
and  gas.  They  are  made  into  flexible  sheeting  and  are  also 
used  as  coatings. 


(3)  Tradename  of  Dow  Chemical  Company,  Midland,  Michigan. 
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(2)  Thermosets.  Thermosets  harden  upon  heating  and 
remain  hard  when  cooled.  They  cannot  generally  be  reworked 
once  set,  because  they  undergo  a non-reversible  change  in 
forming. 

(a)  Phenolics.  Phenolics  were  one  of  the  first 
plastics  widely  used  as  engineering  materials.  Usually  they 
are  derived  from  phenol  formaldehyde,  but  other  compounds 
are  also  used.  Phenolformaldehyde  resins  as  a class  are 
fairly  resistant  to  chemicals,  fungi,  heat,  and  light.  They 
are  not  completely  resistant  to  weathering  for  long  periods. 
They  can  be  molded,  extruded,  or  laminated  and  are  used  as 
piping,  electrical  switch  panels,  switch  handles,  plates, 
pulleys,  and  insulation. 

(b)  Epoxy.  These  resins  were  first  produced 
chemically  during  1950  by  reaction  of  bisphehol  and  epichlo- 
rohydrin.  Resins  in  the  uncured  state  are  thermoplastic  and 
range  from  low  viscosity  liquids  to  high  melting  point 
solids.  Hardening  of  epoxy  resin  is  accomplished  by  reac- 
tion with  a curing  agent  at  room  or  elevated  temperatures. 
Amines,  acids,  and  other  resins  are  commonly-employed  hard- 
eners. Epoxy  resins  have  excellent  adhesion  to  metals,  cer- 
amics, glass,  certain  plastics,  and  wood,  leading  to  their 
use  as  adhesives.  The  resins  are  used  as  surface  coatings 
because  of  their  wetting  of,  and  adhesion  to,  a wide  variety 
of  different  types  of  surfaces,  and  due  to  their  excellent 
resistance  to  many  acids,  most  alkalies,  and  solvents.  In 
combination  with  coal-tar  coatings,  the  paint  retains  the 
excellent  qualities  of  coal-tar  coatings  with  the  abrasion 
resistance  and  hardness  of  epoxy  resins. 

(c)  Ureaf ormaldehyde . These  resins  have  moderate 
resistance  to  weather,  acids,  alkalies,  common  solvents, 
greases,  oils,  and  hydrocarbon  solvents.  The  molded  resin 
is  more  resistant  chemically  than  the  laminated  type,  which 
contains  fillers  of  cloth  fabric  or  paper.  It  will  absorb 
water  to  1 to  2 percent.  The  laminated  resin  is  used  for 
table  and  counter  tops.  It  is  brittle,  but  cheap.  A coal- 
tar  urethane  coating  has  been  developed  which  has  most  qual- 
ities of  urea  resins  and  coal-tar  coatings. 

(d)  Polyesters.  Polyesters  have  a wide  range  of 
uses  as  reinforced  material.  They  can  be  made  as  elasto- 
mers or  rigid  materials.  They  have  fair  abrasion  resist- 
ance and  are  also  resistant  to  most  acids,  bases,  salts,  and 
solvents.  These  resins  are  used  as  structural  material  when 
reinforced  with  glass  cloth.  They  are  also  used  for  piping, 
fume  ducts,  hoods,  large  electronic  components  and  boats. 

(e)  Silicon.  The  silicon  resins  are  different 
from  other  plastics  because  they  are  based  on  a non-organic 
material  - silicon.  These  resins  can  be  used  at  high  tem- 
peratures and  have  a negligible  burning  rate.  They  have  low 
water  absorption  and  are  inert  to  fungi.  They  are  slightly 
affected  by  weak  acids  and  are  resistant  to  oxygen  over  a 
wide  range  of  temperatures.  They  have  poor  resistance  to 
weak  alkalies  and  are  attacked  by  some  aromatic  solvents. 
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Silicon  resins  are  made  in  liquid  or  solid  forms  and  are 
used  as  rigid  tubing  for  handling  acids,  particularly  at 
high  temperatures.  They  are  used  as  corrosion-resistant 
coatings,  and  as  electrical  insulation  on  wires. 

(f)  Reinforced  Plastics.  Reinforced  plastics  are 
a widely  used  engineering  material.  They  generally  consist 
of  thermoset  plastic  with  cloth,  wood,  metal,  or  fibers  such 
as  fiber  glass  embedded  therein.  Such  reinforcing  gives  the 
material  tensile  strength,  while  allowing  the  resin  to  re- 
tain its  light  weight.  Fiber  glass  reinforced  plastic  (FRP) 
is  often  used  for  pipe,  tanks  and  sheet  (Figure  5-1)  and.  has 
proven  both  strong  and  corrosion  resistant. 

b.  Rubber  and  Synthetic  Rubber.  Natural  and  synthet- 
ic rubbers  are  not  only  very  resilient,  but  they  have  other 
qualities  useful  in  engineering  materials.  They  are  good 
insulators  and  exhibit  chemical  and  abrasion  resistance. 

In  general,  natural  rubber  is  less  corrosion  resistant  than 
synthetic,  but  has  superior  mechanical  properties. 

(1)  Natural  Rubber.  Natural  rubber  is  subject  to 
deterioration  by  sunlight  and  is,  therefore,  compounded  to 
prevent  oxidation.  A good  rubber  compound  is  highly  resis- 
tant to  chemicals,  moistures,  and  serious  fungi  growth;  but 
will  deteriorate  in  alkalies,  oils,  fats,  and  ozone.  Sever- 
al natural  rubbers  are  caoutchouc,  Heava,  and  Guayule.  They 
are  used  as  a flexible  cushioning  material  and  for  tires, 
tubing,  gasketing  materials,  sheeting,  lining,  and  footwear. 
They  are  also  used  In  surgical  apparatus.  : 

(2)  Synthetic  Rubber.  A number  of  synthetic  rub- 
bers are  available,  each  having  properties  dependent  on 
additives  or  chemical  makeup.  Some  are  combined  with  plas- 
tics to  vary  available  properties. 

Butadiene  styrene  copolymer  (GR-S)  Is  among  the  most  widely- 
used  synthetic  rubbers.  Varieties  of  this  product  are  desig 
nated  as  Buna-S,  Butaprene-S,  Chemlgum,  Hycer-OS,  and  Nubun. 
Chemical  resistance  is  similar  to  that  of  natural  rubber. 
Such  synthetic  rubbers  have  greater  biological  resistance 
than  natural  rubber  and  have  good  resistance  to  aging. 

They  are  not  Immune  to  fungi  and  are  subject  to  cracking  on 
prolonged  exposure  to  sunlight.  They  are  used  as  electrical 
Insulating  material  on  wires  and  cables,  and  as  binders  in 
water-dispersed  latex  paint  for  inside  use. 

Isobutylene-diolefin  copolymers  (Butyl  rubber  or  GR-I)  can 
be  vulcanized  and  are  chemically  Inert.  For  many  purposes, 
they  are  superior  to  natural  rubbers.  They  are  resistant 
to  moisture,  oxygen,  ozone,  and  fungi,  and  have  good  abras- 
ion resistance.  They  are  also  impervious  to  gases.  They 
are  used  as  weather-resistant  covering  over  insulating  rub- 
bers; as  tire  walls;  gaskets,  where  relatively  high  temper- 
atures are  Involved;  hose  coverings;  and  linings.  They  are 
also  used  in  insulating  compounds. 
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Figure  5-1 

TYPICAL  FIREGLASS  UNDERGROUND  TANK 


Neoprene  (QR-N)  was  first  developed  in  the  early  1930's  and 
came  into  prominence  during  World  War  II  when  natural  rubber 
was  held  by  the  enemy.  It  is  useful  for  handling  strong 
sodium  hydroxide  and  is  resistant  to  aging,  sunlight,  heat, 
ozone,  many  chemicals,  oils,  and  gasoline.  It  Is  used  as 
linings  for  handling  chemicals,  oils,  and  gasoline ; belting 
in  contact  with  coal;  electrical  insulating  material  for 
wire  and  cable;  and  as  maintenance  paints  that  have  good 
chemical  resistance. 

Nitrile  rubbers  (Buna-N),  like  neoprene,  are  resistant  to 
oils  and  gasoline.  In  general,  their  chemical  resistance 
is  not  as  good  as  some  other  synthetic  rubbers.  Buna-N  type 
rubber  includes  Perbunan,  Hycar-OR,  Chemigum-N,  and  Buta- 
prene-N.  Perbunen  has  good  resistance  to  aging  and  high 
temperature.  It  remains  flexible  at  very  low  temperatures 
and  Is  used  as  gasket  material  in  contact  with  oil,  belting 
in  contact  with  coal,  and  tubing  in  contact  with  oil  or  hy- 
drocarbons. It  is  also  used  as  diaphragms  for  valves  and 
pump  part 8. 

Organo-sillcon  rubbers  (silicon  rubbers)  have  good  heat  re- 
sistance, retain  elasticity  at  temperatures  of  500°F  and  are 
flexible  down  to  -112°P.  They  have  fair  resistance  to  sun- 
light and  many  chemicals,  but  are  not  resistant  to  gasoline 
and  many  solvents.  Their  abrasive  resistance  is  poor,  and 
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their  tensile  and  tear  strengths  are  lower  than  for  most 
natural  and  synthetic  rubbers.  They  are  used  as:  gasket 

material  over  a wide  range  of  temperatures;  tubing;  caulk- 
ing compound;  and  electrical  insulating  material. 

In  general,  synthetic  rubbers  are  diverse  in  corrosion  re- 
sistance and  other  properties.  Soft  rubbers  are  generally 
preferred  for  abrasion  resistance.  When  rubbers  fails  as 
a coating,  often  it  is  because  it  has  become  disbonded. 
Other  factors  such  as  elasticity,  temperature  resistance, 
and  elongation  should  be  examined  when  considering  these 
materials. 

c.  Carbon  and  Graphite.  Carbon  and  graphite  show 
good  resistance  to  many  corrosive  environments,  including 
most  acids  and  alkalies.  Strong  oxidizing  acids  and  halo- 
gens will  attack  these  materials,  however. 


Carbon  and  graphite  are  very  brittle  and  much  weaker  than 
metals.  Like  metals,  they  exhibit  good  thermal  and  electri- 
cal conductivity  and  find  use  at  high  temperatures.  These 
materials  are  used  as  impressed  current  anodes,  in  nuclear 
reactors,  for  pumps  and  heat  exchangers. 

d.  Cement  and  Concrete.  Cement  and  concrete  are 
general  terms  describing  numerous  materials  and  a wide  range 
of  composition.  Although  cement  compositions  are  fairly 
standardized,  concrete  specifications  are  far  less  rigid. 
Concrete  may  contain  practically  anything.  Water,  cement, 
and  aggregate  quality  generally  are  location-dependent. 

The  resulting  properties  also  vary.  Therefore,  all  applic- 
able chemical  properties  should  be  known  prior  to  use.  For 
example,  it  is  Important  to  know  pH  of  cement  or  concrete, 
as  normally  a pH  of  5.5  is  the  lowest  acceptable  for  engi- 
neering use.  In  addition,  the  various  components  of  con- 
crete or  cement  - sand,  water,  aggregate  materials,  and 
other  additives  - must  follow  strict  specifications  to  pre- 
vent serious  corrosion  and  mechanical  properties. 

Cement  and  concrete  are  not  insulators.  They  will  absorb 
moisture  and,  acting  as  electrolytes,  conduct  electricity. ' 
(This  is  a function  of  the  material's  density.)  Corrosion 
of  steel  reinforcing  bars  in  concrete  is  a consequence  of 
this;  rebar  corrosion  is  discussed  in  paragraphs  5. 3'. 3.1. 'elf, 
Attempts  to  prevent  this  have  been  made  with  questionable 
success  by  applying  various  coal-tar  coatings  to  surfaces 
in  contact  with  corrosives. 

(l)  Asbestos  Cement.  Asbestos  Cement  is  a mixture 
of  Portland  cement,  fine  fibers  of  asbestos,  and  water. 
Composition  varies  from  8 to  15  percent  asbestos  and  from 
85  to  92  percent  cement.  Asbestos  fiber  gives  asbestos- 
cement  higher  tensile  strength  than  concrete,  it  also  has 
lower  density.  Consequently,  less  asbestos-cement  is  re- 
quired for  a given  purpose  than  concrete,  and  the  result  is 
lighter  in  weight.  The  product  Is  used  for  various  purposes 
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including  tiles,  gutters  and  pipes. 

As  pipe,  it  is  built  up  on  a revolving  mandrel  and  cured. 
Pipe  of  this  type  is  largely  used  for  water  mains  in  the 
pressure  range  of  50  to  200  pounds  per  square  inch.  Con- 
crete-encased asbestos-cement  pipe  is  also  used  for  ducts 
for  electric  power  cables  and  communication  cables,  if  the 
ground  pressure  is  even  and  the  backfill  is  not  rocky,  such 
pipe  will  give  years  of  satisfactory  service  in  most  envi- 
ronments. Tests  on  asbestos-cement  pipe  that  had  been  in 
soil  for  13  years  showed  an  initial  gain  in  strength  for 
several  years  as  a result  of  continued  slow  curing  taking 
place.  After  13  years,  there  was  a moderate  loss  of 
strength,  but  not  to  values  below  the  usual  specifications. 
Both  organic  and  inorganic  acidity  in  soil  are  moderately 
injurious  to  asbestos-cement  pipe.  It  can  be  used  with 
reasonably  long  life  in  bay  muck,  blue  clay,  and  other  soils 
highly  corrosive  to  ferrous  pipe. 

e.  Concrete.  The  grade  of  concrete  termed  "dense"  is 
used  for  many  tank  and  pipeline  applications  in  mildly  cor- 
rosive environments.  For  more  destructive  situations,  con- 
crete may  be  coated  or  lined.  Concrete  is  composed  of  a 
bulk  of  coarse  aggregate  with  sand  or  another  fine  aggregate 
filling  voids.  Watered  cement  bonds  concrete  together. 
Properties  of  concrete  depend  mainly  on  the  "mortar"  made  of 
cement  and  fine  aggregate. 

Reinforced  concrete  contains  steel  bars  embedded  In  it. 
Concrete  both  protects  bars  from  corrosion  and  helps  them 
to  withstand  any  compressive  stresses.  If  rebarB  do  cor- 
rode, problems  arise.  Rust  occupies  2.2  times  the  volume 
of  iron,  and  such  expansions  cause  spalling  and  cracking  of 
concrete.  Therefore,  concrete  quality  must  be  good  enough 
to  prevent  moisture  and  air  from  contacting  reinforcement. 
Galvanized  steel  bars  may  also  be  used;  zinc  galvanizing 
protects  steel  sacrlficlally. 

Admixtures  or  surface  treatments  may  be  used  to  alter  prop- 
erties of  concrete.  Many  treatments  are  available,  and  com- 
binations provide  many  forms  of  concrete  with  greatly  vary- 
ing properties. 

Problems  with  concrete  structures  are  encountered  where 
frost  prevails,  in  sea  water,  in  sulfate-bearing  environ- 
ments, In  acid  soils  and  waters,  with  sugar  waterB. 


Stray  current  causes  corrosion  of  reinforced  concrete.  I 
Current  flows  along  rebars,  leaving  the  surface  through  the  j 
concrete  electrolyte.  Corrosion  occurs  at  areas  where  cur-  I 
rent  leaves,  producing  voluminous  rust  products.  Spalling  j 
and  cracking  of  concrete  follows.  This  is  made  more  serious  ; 
when  chlorides  and  other  soluble  salts  are  in  the  environ-  I 
ment  but  is  less  frequently  observed  In  denser  materials.  i 
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Petroleum  distillates  fuel  oils,  sewage,  and  gases  gener- 
ally do  not  seriously  affect  concrete.  Concrete  tanks  and 
pipes  are  often  successfully  used  in  this  service. 

f.  Prestressed  Concrete.  Prestressed  concrete  is 
reinforced  concrete  with  rebars  constructed  from  high 
strength  carbon  steel  under  high  tensile  stress.  This  type 
rebar  is  highly  susceptible  to  stress  corrosion  cracking. 

Hydrogen  embrittlement  is  also  a problem,  especially  in 
acidic  environments.  Sea  water  and  soils  or  solutions  con- 
taining nitrates  are  environments  to  avoid. 

Straining  wires  in  prestressed  concrete  are  often  subject 
to  extreme  damage  by  stray  current  because  of  the  small 
cross-section  of  metal.  Calcium  chloride,  often  used  to 
increase  hardness  of  concrete,  may  intensify  effects  of 
stray  current  and  should,  therefore,  never  be  used  in  pre- 
stressed concrete.  It  is  felt  that  calcium  chloride  also 
contributes  to  elongation  and  loss  of  strength  of  stressed 
reinforcing  bars . 

g.  Vitrified  Clay  (Structural).  Vitrified  clay  pipe, 
like  asbestos-cement  pipe,  may  be  selected  in  certain  phases 
of  construction  work  to  avoid  corrosion  problems.  Vitrified 
clay  is  similar  to  concrete  in  properties  but  chemically 
more  resistant.  Vitrified  clay  is  suitable  for  handling 
acid  salts.  It  is  often  used  underground  for  the  same  pur- 
pose as  concrete  pipe,  primarily  in  non-pressure  water  ser- 
vice and  sewage  lines.  It  is  also  widely  used  to  handle 
chemical  and  waste  materials  and  may  be  made  into  ducts  for 
underground  cable. 

h.  Glass.  Glass  is  a useful  material  for  many  appli- 

cations because  of  resistance  to  most  corrosives  and  ease  of 
fabrication.  Transparency  is  another  property  which  makes 
it  useful  for  a variety  of  equipment  requiring  visual  super- 
vision. Glass  is  used  for  piping,  pumps,  stills,  tanks, 
and  heat  exchangers.  Glass  fiber  embedded  in  plastics  has 
already  been  discussed.  These  fibers  are  also  used  alone 
in  Insulation  and  air  filters.  Glass  resists  most  corros- 
ives; it  is  attacked  by  hydrofluoric  acid  and  caustic  I 

alkalies.  | 

i.  Miscellaneous  Ceramics.  The  most  important  cera-  j ] 

mics  - concrete,  glass  and  clay  - have  been  discussed  prev-  » 

lously.  Others,  such  as  stoneware  and  porcelain,  are  also  j 

used  for  construction.  Every  category  of  ceramics  includes  j j 

a wide  variety  of  compounds,  dependent  for  their  properties  j 

on  composition.  Ceramics  are  basically  made  of  metallic  ' 

and  nonmetallic  components.  j 

They  are  used  most  often  in  the  chemical  industry,  because  • 

they  exhibit  good  resistance  to  most  chemicals.  Exceptions  j 

are  caustics  and  hydrofluoric  acid.  Ceramics  withstand  more  j 

abrasion  and  higher  temperatures  than  most  metals,  but  are  j 

weak  and  brittle.  To  add  strength,  ceramics  used  for  i 
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mechanical  equipment  such  as  pumps  are  often  encased  In 
cast  Iron. 

J.  Wood.  Wood  Is  used  for  filter  presses,  tanks, 
barrels,  cooling  towers  and  chemical  equipment.  This  mater- 
ial Is  limited  In  Its  applications;  usually  water,  dilute 
chemicals,  and  acetic  acid  are  not  destructive.  Dilute 
alkaline  solutions  are  harmful,  however,  to  woods  in  general. 

Soft  woods,  containing  much  cellulose,  are  used  with  differ- 
ent solutions  than  "hardwoods,  containing  more  lignin.  Some 
chemicals  attack  only  cellulose;  some,  only  lignin.  Pine, 
oak,  redwood,  and  cypress  are  woods  usually  employed  as  non- 
building materials. 

5.3.4  References  to  Codes  and  Regulations.  Minimum 
requirements  for  pipe  are  contained  in  Title  49,  Parts  191 
and  192  of  the  Federal  Code  of  Regulations  (Department  of 
Transportation),  (adopted,  1969).  These  requirements  are 
included  as  Appendix  E.  of  this  manual.  In  general,  the 
code  requires  that  pipe  material  remain  stable  for  system 
temperature  and  environment  and  that  it  is  chemically  com- 
patible with  materials  being  transported.  Qualifications 
for  specific  metals  and  plastics  are  noted  also.  This  code 
can  be  used  as  a guideline  by  the  military  for  proposed 
installations . 

In  addition.  State  and  local  requirements  may  limit  the  use 
of  some  materials  (l.e.  plastics)  and  should  be  considered. 

5.3.5  Economics  of  Choosing  a Material . Evaluation  of 
properties  required  of  a material  for  a specific  application 
will  usually  indicate  several  appropriate  materials.  Eco- 
nomics may  then  be  the  final  criterion  in  material  selection. 
(See  Section  2 for  other  criteria. ) An  analysis  of  econo- 
mics of  candidate  materials  will  generally  include: 

Material  costs 
Fabrication  costs 
Installation  costs 
Maintenance  costs 
Return  on  investment 

These  costs  apply  not  only  to  materials,  but  also  to  related 
areas  such  as  corrosion  control  requirements  (paragraph  2.5). 

5.4  COATINGS  AND  WRAPPERS  FOR  UNDERGROUND  AND  UNDERWATER. 

5.4.1  Coatings . The  oldest  and  most  widely  used  corros- 
ion remedy  is  coating.  Structures  are  coated  to  minimize 
the  possibility  of  contact  with  surrounding  corrosive  media. 
Most  coatings  do  not  completely  cover  any  surface,  but 
greatly  reduce  exposed  area  so  as  to  make  complete  corrosion 
control  feasible. 
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With  increased  use  of  metal  underground  and  underwater, 
coating  technology  is  important.  The  emphasis  has  been  on 
developing  a "perfect"  coating  to  eliminate  effects  of  holi- 
days on  coated  metal.  In  practice,  perfect  coating  rarely, 
if  ever,  exists,  in  spite  of  carefully  controlled,  automated 
coating  procedures  and  complete  electrical  holiday  inspect- 
ion. As  a result,  the  combination  of  good  dielectric  coat- 
ing supplemented  with  cathodic  protection  is  usually  the 
most  economical  and  efficient  method  of  underground  or  under- 
water corrosion  control. 

Other  coatings  are  often  more  effective  than  dielectrics  for 
use  above  grade,  with  chemicals  or  for  other  applications, 
but  dielectrics  are  the  only  long-term  coatings  effective 
underground  or  underwater.  Special  problems  are  encountered 
here  which  must  be  considered  in  choosing  proper  coating. 

Soil  stresses  from  debris  in  backfill,  non-uniform  backfill 
pressure,  or  changing  moisture  content  of  soil  can  damage 
coating.  Inaccessibility  of  buried  or  submerged  structures 
necessitates  using  coatings  with  long  life  and  few  mainten- 
ance requirements;  coating  integrity  should  generally  last 
for  the  life  of  the  structure.  Inspection  should  not  be 
required  to  Insure  proper  coating  adhesion  or  integrity, 
since  this  is  generally  infeasible.  Coatings  for  buried  or 
submerged  structures  must  be  resistant  to  Impact,  both  dur- 
ing and  after  Installation,  to  avoid  damage  from  accidental 
contact  or  deformation.  Where  other  work  is  being  done  near- 
by, the  existence  of  a buried  or  submerged  structure  may  not 
be  recognized  until  It  is  physically  contacted.  Environ- 
mental conditions  must  also  be  analysed  prior  to  coating 
selection,  for  some  environments  can  easily  dissolve  coat- 
ings. Asphalt-base  coatings,  for  example,  should  be  avoided 
where  gasoline  permeates  soil.  Coatings  for  use  inside  pot- 
able water  storage  tanks  must  be  approved  by  the  Food  and 
Drug  Administration;  standards  of  acceptance  are  often 
changed  and  updated  ones  should  be  consulted.  Likelihood 
of  future  contaminants,  such  as  deicing  salts  or  chemicals, 
must  also  be  considered.  Choice  of  a specific  coating  de- 
pends on  these  as  well  as  other  factors. 

Coatings  may  be  categorized  in  many  ways.  Here,  they  are 
considered  either  conductive  or  Insulating  (dielectric). 

5.^. 1.1  Conductive.  Conductive  coatings  are  metal 
coverings  or  claddings  which  protect  base  metal  by  two  dif- 
ferent processes,  depending  upon  the  position  of  the  applied 
metal  in  the  electromotive  series.  When  the  applied  metal 
coating  is  more  noble  than  the  base  metal,  the  coating  will 
be  cathodic  and  not  corrode  In  the  environment.  This  type 
is  referred  to  as  cathodic  coating  and  cladding.  For  exam- 
ple, a thin  layer  of  stainless  steel  over  steel  may  increase 
structure  life  In  a given  environment  several  times  over  s 

ordinary  steel.  Where  applied  metal  Is  anodic  to  base  metal,  I 
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it  may  corrode  to  protect  the  base  metal.  In  such  instances, 
the  applied  metal  reacts  with  the  surrounding  electrolyte  to 
provide  cathodic  protection.  This  type  is  referred  to  as 
anodic  coating  and  cladding.  For  example,  a zinc  coating  on 
steel  will  corrode  to  protect  steel;  an  aluminum  cladding  on 
an  aluminum  alloy  will  corrode  to  protect  the  aluminum  alloy. 


Structures  that  require  ferrous  alloys  for  strength  but  face 
rapid  failure  from  corrosive  conditions  can  be  coated  to 
yield  the  corrosion  resistance  of  a more  passive  metal.  In 
addition,  savings  will  be  realized  through  longer  life, 
which  may  offset  the  additional  cost  of  plated  or  clad 
material . 


Plated  or  clad  structures  have  the  advantages  of  corrosion 
resistance  and  freedom  from  maintenance.  Usually  painting 
and  other  maintenance  required  on  steel  structures  are  not 
necessary  on  plated  or  clad  metals.  This  is  frequently  a 
major  consideration.  On  the  other  hand,  plated  or  clad 
materials  may  not  be  immediately  available  when  needed,  and 
may  involve  installation  by  specially  trained  personnel. 

ThuB,  additional  first  costs  of  material,  fabrication,  and  . 

installation  must  be  considered  against  savings  from  corros-  ] 

ion  and  maintenance. 

a.  General.  Information  on  coatings  (not  underground 
or  underwater)  is  found  in  military  manuals  on  Paints  and 
Protective  Coatings . These  manuals  should  be  consulted  for 
general  Information  on  selection  and  application  of  above- 
ground coatings  not  discussed  here. 

(1)  Cathodic  Coatings. 

(a)  Nickel  and  Chromium.  Nickel  is  corrosion 
resistant  as  well  as  ornamental.  It  is  used  extensively  for 
plating  instrument  cases,  trim  on  automobiles,  plumbing  fix- 
tures, storage  tanks,  and  vessels  that  contain  caustic  solu- 
tions. Chromium  Is  used  as  a protective  and  ornamental 
coating  on  tables  and  kitchen  utensils  over  a plate  of 
nickel.  Chromium  Is  also  used  as  a plate  or  cladding  on 
metals  for  wear  and  oxygen  resistance. 

(b)  Copper.  Copper  cladding  is  used  on  steel 
wire  for  electrical  conductors.  It  is  corrosion  resistant 
to  most  atmospheric  conditions.  In  comparison  to  solid  cop- 
per wire,  the  primary  advantage  of  copper-clad  steel  wire 
is  increase  In  structural  strength,  which  makes  possible 
the  use  of  long  spans  in  overhead  power  lines.  Copper  is 
also  used  as  a cladding  for  nails  and  other  hardware. 

(c)  Tin.  A tin-nickel  alloy  (Sn,  65  percent; 

Ni,  35  percent)  is  used  extensively  as  cladding  for  food 
containers  and  plating  for  kitchen  utensils.  Because  It 
will  prevent  corrosion  of  copper,  a tin-nickel  alloy  is 
also  used  as  cladding  for  copper  wire  that  is  to  be  Insu- 
lated with  rubber. 
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(cl)  Tantalum.  Tantalum  Is  used  as  plate  or  clad- 
ding for  vessels  or  pipe  when  other  metallic  materials,  even 
gold  and  platinum,  cannot  be  unod  because  of  an  environment 
favorable  to  corrosion.  Chemical  properties  of  tantalum 
closely  resemble  those  of  glass.  Tantalum  Is  rapidly 
attacked  by  hydrofluoric  acid  and  by  strong,  hot  alkalies. 

It  Is  also  attacked  by  fuming  sulfuric  acid  or I other  sub-, 
stances  containing  free  SO3.  ' 

To  a lesser  extent,  tantalum  is  attacked  by  hot  concentrated 
sulfuric  and  phosphoric  acids.  For  certain  commercial  appli- 
cations, however,  even  with  such  acids,  tantalum  has  given 
satisfactory  long  life.  Because  tantalum  is  virtually  inert 
to  all  other  acids  or  acidic  salts,  it  Is  a suitable  lining 
material . 

(e)  Cadmium.  Cadmium,  used  to  coat  metal,  is 
generally  applied  as  plating.  Cathodic  to  steel  sued  iron, 
it  does  not  protect  bare  areas  or  breaks  in  coating.  It  is 
extensively  used  for  atmospheric  coating  due  to  the  bright 
finish  produced  and  is  excellent  for  thin  plating  thickness 
which  cuts  plating  costs. 

(f)  Stainless  Steel.  Various  types  of  stainless 
steel  are  used  as  cladding  for  steel  to  produce  vessels 
which  have  the  corrosion  resistance  of  stainless  steel  at  a 
cost  not  much  greater  than  steel. 

(2 ) Anodic  Coatings . 

(a)  Zinc.  The  most  commonly  used  anodic  coating 
is  zinc,  which  may  be  applied  by  four  methods:  plating, 

sherardizing,  hot  dip,  and  metallizing.  Zinc-rich  paints 
are  also  used  for  certain  applications,  but  are  not  discussed 
here  (ATM  85-3 » Paints  and  Protective  Coatings) . 

Zinc  is  applied  to  Iron,  steel,  magnesium,  or  aluminum  by 
electroplating.  The  metal  to  be  plated  is  made  the  cathode 
in  an  electrolyte  containing  zinc.  Zinc  Is  the  circuit 
anode.  Zinc  plating  is  used  where  hot  dip  would  interfere 
with  proper  use  of  such  articles  as  nuts,  bolts,  and  other 
threaded  parts  and  to  reduce  total  zinc  used  by  producing 
a uniform  thin  coating  on  plate  or  sheet. 

In  sherardizing,  zinc  is  applied  to  steel  or  iron  by  cementa- 
tion. Characteristic  of  this  process  is  alloying  of  the 
metal  surface  with  zinc.  The  sherardizing  process  consists 
of  cleaning  and  pickling  (or  sandblasting;  the  metal  surface 
before  treatment.  Clean  metal  is  placed  in  drums  or  retorts 
containing  zinc  dust.  The  drums  are  rotated  at  slow  speed 
for  three  to  four  hours  at  about  750°F  (400°C).  The  result- 
ant coating  is  a zinc-iron  alloy.  Sherardized  coating  is 
porous  and  usually  painted,  varnished,  or  enameled,  for  uni- 
form distribution  and  penetration. 

The  hot-dip  process  is  used  extensively  for  galvanizing  iron 
or  steel.  Facilities  are  necessary  for  pickling,  washing, 
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and  application  of  flux.  Steel  la  dipped  Into  molten  zinc 
at  a temperature  of  about  875°?  (468°c).  A good  coating  la 
about  2 ouncea  of  zinc  per  square  foot  of  coated  area. 
Addition  of  a email  amount  of  aluminum  to  the  hot  baths  of 
zinc  improves  fluidity  and  coating  appearance. 

Steel  and  iron  can  be  coated  with  sprayed  molten  zinc. 

Zinc  is  fed  as  wire  into  a metallizing  gun.  The  oxyacetyl- 
ene  flame  melts  the  zinc  and  projects  it  as  an  atomized 
spray  on  the  surface  to  be  coated.  The  metallized  surface 
has  a rough,  porous  coating  which  makes  an  excellent  bond 
for  paint  or  organic  coatings. 

(b)  Aluminum.  Aluminum  is  generally  applied  by 
two  methods:  cladding  and  hot  dip.  Aluminum  paints  are 

also  available,  but  are  not  discussed  here  (Military  Manuals 
on  Paints  and  Protective  Coatings) . 

Pure  aluminum  is  applied  by  rolling  sheet  aluminum  on  the 
surface  of  a strong  aluminum  alloy.  Pure  aluminum  is  anodic 
to  the  aluminum  alloy  and  protects  it  galvanically. 

Aluminum  is  also  applied  to  steel  in  a manner  similar  to 
galvanizing.  This  is  usually  a continuous  process  with 
steel  sheet  fed  through  descaling  and  cleaning  baths,  flux 
and  molten  aluminum,  and  emerging  with  an  aluminum  coating. 
Aluminum,  anodic  to  steel,  performs  like  zinc  galvanizing. 
Aluminum-coated  steel  also  has  excellent  oxidation  resist- 
ance up  to  800°P.  The  aluminum  oxide  coating  formed  on  alum- 
inum keeps  oxygen  from  contacting  the  metal. 

b.  Underground  and  Continuously  Submerged.  Copper 
and  zinc  are  the  most  common  underground  and  underwater 
metallic  (conductive)  coatings.  These  are  described  above. 
Copper,  a cathodic  coating,  is  used  on  ground  rods  and  bolts 
underground . It  is  not  recommended  as  a cladding  under- 
ground for  pipe  or  tubing  because  any  cut  or  abrasion  ex- 
poses steel,  creating  an  anode.  Because  of  the  difference 
of  potential  between  copper  and  steel  in  the  galvanic  series, 
accelerated  corrosion  of  steel  occurs  when  the  two  metals 
are  in  an  electrolyte.  For  example,  accelerated  corrosion 
takes  place  when  such  pipe  or  tubing  is  encased  in  concrete 
floor  slabs,  such  as  for  radiant  heating,  permeated  with 
moisture . 

Zinc  galvanizing,  anodic  to  steel,  is  sometimes  used  under- 
ground or  underwater.  However,  galvanizing  usually  corrodes 
away  rapidly,  leaving  bare  steel  in  contact  with  a corrosive 
environment.  Protection  from  zinc  is  proportional  to  its 
thickness,  and  coatings  with  enough  metal  to  provide  a good 
life  are  generally  prohibitively  expensive. 

5.4. 1.2  Insulating  (Dielectric).  Dielectric  protective 
coatings  are  used  extensively  in  corrosion  control.  They 
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are  especially  effective  underground,  in  conjunction  with 
cathodic  protection.  The  purpose  of  these  materials  is  to 
electrically  isolate  metal  from  its  environment  by  maintain- 
ing a moisture-resistant  seal  between  the  two.  Quality 
coating  is  Judged  by  its  ability  to  resist  moisture  absorp- 
tion, although  mechanical  strength  and  chemical  resistance 
are  also  important  factors. 

Underground  insulating  (dielectric)  coatings  are  discussed 
in  detail  in  paragraph  5. 4.1.2. a.  Others  are  mentioned 
here.  For  further  reference  to  above-ground  insulating 
coatings,  see  AFM  85-3,  Paints  and  Protective  Coatings.  ' 

Among  coatings  frequently  employed  are  conversion  coatings. 
These  are  formed  by  reaction  of  the  metal  surface  with  a 
chemical  and  are  in  reality  a surface  layer  of  adherent  re- 
action product.  There  are  many  methods  of  applying  or  pro- 
ducing conversion  coatings,  resulting  in  a variety  of  prop- 
erties. Perhaps  the  most  common  is  anodizing  - deposition 
of  material  on  metal,  producing  an  intermediate  layer  of 
base  and  deposit  material  in  complex.  The  coating  material 
is  generally  deposited  by  electric  current  from  an  aqueous 
solution.  Such  reactive  metals  as  magnesium  and  aluminum 
are  frequently  anodized.  Anodized  coatings  are  generally 
hard  and  adherent,  easily  and  uniformly  applied  to  complex 
shapes,  and  resistant  to  many  corrosives.  Other  conversion 
coatings  include  calorlzlng,  aluminizing,  jand  phosphatizing. 

Glass-lined  or  coated  vessels  are  used  with  chemicals  or 
foods  for  their  resistance  to  acids  and  alkalies  and  ease  of 
cleaning.  Glass  coatings,  also  described  aB  porcelain  or 
vitreous  enamels,  are  applied  from  a slurry,  and  are  diffi- 
cult to  repair. 

Concrete  is  am  effective  coating  for  steel  in  the  atmosphere. 
Care  must  be  taken  to  assure  that  voids  are  cement-filled, 
and  that  concrete  is  well-mixed.  Reinforced  concrete  has 
failed  from  rebar  corrosion  due  to  improper  mixing.  Rein- 
forced concrete  fails  more  rapidly  in  sea  air  than  if  sub- 
merged, producing  bridge  and  other  failures  (paragraph 
5.4.1.2.a(6)) . Concrete  should  not  be  used  with  amphoteric 
metals  such  as  aluminum  or  lead  because  it  is  alkaline. 

Plastics  applied  by  dipping,  spraying,  or  fluidized  bed 
processes  constitute  another  group  of  above-ground  coatings. 
Some  plastic  film- type  coatings  (as  differentiated  from  tapes, 
discussed  in  paragraph  5.4.1.2.a),  require  a primer;  some,  a 
catalyst  for  curing.  The  large  number  of  plastics  available 
result  in  a variety  of  properties  for  different  uses.  Both 
thermo8et8  and  thermoplastics  are  used. 

Inhibited  greases  are  also  used  for  coatings,  sometimes  cov- 
ered with  a wrapper  for  protection.  Often,  greases  are  used 
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for  temporary  protection  during  storage  or  in  transit. 

These  materials  leach  away  after  continuous  exposure  to 
moisture. 

It  is  important  to  realize  that  any  coating  material  is  only 
as  good  as  its  application.  The  first  step  in  good  applica- 
tion is  surface  preparation.  After  good  surface  preparation, 
coating  must  be  applied  carefully  in  accordance  with  speci- 
fications to  assure  satisfactory  results. 

a.  Underground.  The  National  Association  of  Corros- 
ion Engineers  Standard  RP-Ol-69,  Recommended  Practice  - 
Control  of  External  Corrosion  on 


, contains  a discussion  on  mstal- 
ng  of-  piping  systems  coated  with  electrically  insulating 
materials".  This  is  valid  for  most  submerged  or  underground 
structures,  not  only  pipelines.  It  states: 

"The  function  of  such  coatings  in  corrosion  control  is 
to  isolate  the  external  surface  of  underground  and  submerged 
piping  from  the  environment.  This  can  be  substantially  ac- 
complished by  different  types  of  coatings.  These  coatings 
can  be  formed  on  the  pipe  surface  or  prefabricated  as  films 
or  wrappers  and  then  applied  . . . 

Desirable  characteristics  of  coatings: 

fa)  Effective  electrical  insulator 

(b)  Ease  of  application  to  pipe 

(c)  Applicable  to  piping  with  a minimum  of  defects 

fd)  Good  adhesion  to  pipe  surface 

(e)  Ability  to  resist  development  of  holidays  with 
time 

(f)  Ability  to  withstand  normal  handling,  storage 
and  installation 

(g)  Ability  to  maintain  substantially  constant 
electrical  resistivity  with  time 

(h)  Resistant  to  disbonding  when  under  cathodic 
protection 

(i)  Ease  of  repair". 

Several  coating  systems  exhibit  these  properties.  To  rely 
on  an  insulating  coating  as  the  only  means  of  corrosion  pro- 
tection, however,  requires  a "perfect"  coating,  completely 
free  of  holidays.  In  practice,  this  is  rarely,  if  ever, 
accomplished. 

"Holidays"  (breaks  in  the  coating)  are  inevitable.  They  are 
caused  in  most  coatings  from  incomplete  coverage  during  ap- 
plication and/or  damage  during  handling,  installation,  and 
service.  Holidays  can  be  detected  either  before  or  after 
burial  and  repaired.  After  burial  this  is  expensive  and 
often  not  practical. 


Coating  alone,  as  corrosion  protection,  can  result  In  more 
rapid  corrosion  penetration  of  metal  than  if  bare.  Coating 
limits  areas  from  which  corrosion  currents  can  flow,  con- 
centrating corrosion  at  limited  areas  of  exposure. 

The  most  significant  advantage  of  dielectric  coating  is  re- 
duction in  metal  surface  area  exposed  to  soil  or  water. 

This  reduces  cathodic  protection  current  requirements,  mini- 
mizing costs.  Coating  and  cathodic  protection  is  a long 
accepted  and  proven  system  of  underground  corrosion  control. 
Bonded  coatings  must  be  applied  carefully  because  cathodic 
protection  may  not  work  under  unbonded  coating. 

Corrosion  cannot  occur  on  a buried  metal  structure  where 
coating  physically  adheres  to  metal.  It  can  occur  only 
where  this  bond  is  broken,  but  it  is  not  limited  to  areas 
with  direct  soil  exposure.  Severe  corrosion  can  occur  in 
the  moisture  film  under  an  unbonded  coating,  even  though 
potentials  between  structure  and  electrolyte  show  adequate 
protection  is  being  applied.  Entrapped  moisture  between 
coating  and  structure  surface  may  promote  corrosion  despite 
cathodic  protection.  Therefore,  good  coating  techniques 
must  be  used  to  prevent  increased  corroBion  at  breaks,  holi- 
days, or  disbonded  areas. 

The  most  common  and  successful  coating  materials  for  under- 
ground and  underwater  are  hot  tars  - hot-applied  coal-tar 
enamel  or  hot-applied  asphalt  coatings  used  with  wrappers 
and  reinforcement.  Both  have  long-term  service  records  for 
effectiveness  underground  and  underwater.  Hot-tar  coatings 
may  be  field-,  yard-  or  mill-applied  to  pipe.  For  field- 
coating, method  of  surface  preparation  and  application  are 
similar  for  either  type  coating.  Typical  specifications  for 
coal-tar  field-application  are  given  in  paragraph 
5.^.1.2.a(l).  Hot-applied  coal-tar  coatings  are  most  fre- 
quently used  With  wrappers  for  external  coatings  for  steel 
pipelines  and  other  underground  structures,  but  also  find 
application  as  interior  linings  in  both  steel  and  concrete 
lines . 

In  recent_years,  extruded  polyethylene  (paragraph  5. 4. 1.2. a (4)) 
and  thin-flim  coatings  (paragraph  5. 4. I. 2. a (7))  have  become 
more  popular  for  use  underground.  These  coatings  appear  to 
give  satisfactory  service,  although  their  recent  introduction 
precludes  long-term  service  records. 

Other  underground  coatings,  some  for  specific  uses,  are 
discussed  here  also. 
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(l)  Hot-Applied  Coal  Tar.  Hot-applied  coal-tar 
(coal-tar  enamel)  consists  of  molten  bituminous  coal-tar 
pitch  reinforced  with  inert  fillers  such  as  lime  or  slate 
dust  and  applied  by  hand  or  machine,  over  a primer.  (For 
reference  see  AWWA  8310-D  Committee  Report  "Standard  for 
Coal-Tar  Enamel  Protective  Coatings  for  Steel  Water  Pipe  - 
AWWA-C203"  and  NACE  2G156  Report  "Coal-Tar  Coatings  for 
Underground  Use".)  The  coating  may  be  reinforced  with  em- 
bedded glass  mat  and/or  outer  wrapper  of  glass  mat  or  asbes- 
tos felt  saturated  with  a compound  made  from  the  basic  coal 
tar.  Over  this,  a covering  of  kraft  paper  or  whitewash  may 
be  added.  Average  coating  thickness  is  3/32"  to  5/32". 

Primers  used  with  coal-tar  enamel  are  either  a "cutback"  of 
the  type  coal-tar  used  or  a synthetic,  paint-like  substance. 
(For  reference  see  U.S.  Government  Printing  Office  Publica- 
tion "Synthetic  Resin  Primer  for  Coal-Tar  Enamel", Research 
Report  No.  8,  U.S.  Dept,  of  the  Interior,  Bureau  of  Reclam- 
ation.) Synthetic  primers  are  in  general  use  today. 

Primers  made  from  coal-tar  cutbacks  are  less  practical;  they 
are  difficult  to  apply,  and  drying  time  is  critical.  For 
any  primer,  structure  surface  must  be  clean  and  dry  prior  to 
application.  Typical  specifications  for  a synthetic  primer 
are: 


Minimum 

Maximum 

8.5 

9.0 

30 

40 

20 

40 

92 

800 

1000 

Weight,  per  gallon,  lbs. 
at  77°F,  ASTM  D-1475 

Total  solids,  % by  weight 
ASTM  D-1644 

Viscosity,  Stormer. seconds 
75  gm.wt.  ASTM  D-856 

Flash  point,  °F, 

ASTM  D-1310 

Coverage,  sq.ft,  per  gal. 

Dry  time,  minutes  3 

(exterior,  summer) 

Coal-tar  pitch  is  produced  by  distillation  and  dehydration 
processes  from  bituminous  coals.  Pitch  is  a thermoplastic 
containing  the  least  volatile  compounds,  mostly  aromatics, 
from  coal-tar  products.  Production  includes  heating  to 
about  2000 °F,  which  imparts  chemical  inertness  to  coal-tar 
pitch.  Variations  in  temperature  and  source  of  coal  yield 
pitches  at  different  characteristics;  consequently,  raw 
material  quality  and  manufacturing  methods  are  important  to 
the  final  product.  Removal  of  possible  corrodents  from 
pitch,  plus  addition  of  reinforcing  fillers,  Improves  the 
coating.  In  areas  of  severe  soil  stress  or  temperature 
variation  (such  as  long  periods  of  above-grade  storage  be- 
fore use),  more  flexibility  is  needed,  so  a more  plastic 
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enamel  is  required.  Variation  in  filler  content  and  quality 
of  pitch  affect  flexibility.  Three  different  grades  of  hot- 
applied  coal-tar  coating  with  different  flexibilities  are 
commonly  used:  standard,  semi-plasticized  and  fully  plasti- 

cized. Primers  made  from  cutbacks  of  the  specific  type  are 
used  with  each,  or  a synthetic  primer  can  be  used  for  all. 
(a)  Standard.  Typical  specifications  for  a 


standard  coal-tar  enamel  are: 

Minimum  Maximum 

Specific  gravity,  77  - 1.40  1.60 

ASTM  D-71 

Percent  ash  by  weight  - 20  27 

ASTM  D-271 

Penetration  - 100  gm.wt.,  0 2 

5 sec.,  77°P  - ASTM  D-5 

Softening  Point,  °F,  195  205 

ASTM  D-36 

Temperature  exposure  25  115 

range,  °F 

Normal  application  340  390 

temperature , °F 


Methods  of  preparing  metal  surface  and  applying  coating  are 
the  same  for  standard  coal-tar  enamel  and  other  hot-applied 
coatings.  An  example  of  specifications  for  application  is 
given  for  fully-plasticized  type  coating,  as  this  is  the 
most  applicable  to  underground  structures  (paragraph 
5.4.1.2.a(l)(c)). 

(b)  Semi-Plasticized.  Typical  specifications  for 


a semi-plasticized  enamel  are: 

Minimum  Maximum 

Specific  gravity,  77 °F  1.40  1.60 

Percent  ash  by  weight  20  27 

Penetration  - 100  gm.wt.,  2 7 

5 sec.,  77 °F  - ASTM  D-5 
Softening  Point,  °F  195  205 

Temperature  exposure  10  130 

range,  °F 

Normal  application  355  • 400 

temperature,  °F 


Again,  see  paragraph  5.4.1.2.a(l)(c)  for  typical  application 
specifications. 

(c)  Plasticized.  Typical  specifications  for 
coating  and  wrapping  a pipe  with  fulfy-plasticized  coal-tar 
enamel  for  underground  service  are  given  here.  These  speci- 
fications may  be  used  as  a guideline  for  coating  and  wrap- 
ping with  other  coal-tar  enamels  or  hot-applied  asphalt. 


Plasticized  Coal-Ta,r  Enamel  Coating  Systems 
A plasticized  coal-tar  enamel  coating  system  shall  consist 
of  one  coat  of  synthetic  primer,  a 3/32"  minimum  thickness 
of  plasticized  coal-tar  enamel,  and  a glass  fiber  or  15- 
pound  asbestos  felt  wrapper.  The  primer  shall  be  compatible 
with  the  coal-tar  enamel  coating  and  shall  be  a resin-based, 
synthetic,  "quick-drying"  primer.  The  coal-tar  enamel  used 
for  pipe  coating  shall  have  the  following  general  properties: 


1.4  to  1.6# 

35#  Maximum 
7.0  mm  Maximum 


Specific  Gravity 
Percent  Ash  by  Weight 
Penetration  - 100  gm.wt., 

5 sec.,  77 °P  - ASTM  D5-52 
Softening  Point 
Temperature  Exposure  Range 
Application  Temperature 
The  wrapper  shall  be  either  15-pound  coal-tar  saturated 
asbestos  pipeline  felt  composed  of  inorganic  nonrotting 
asbestos  fibers  or  an  inorganic  nonrotting  mat  of  fine  glass 
fibers  held  together  by  a binder.  Mill-coated  coal-tar 
enamel  coating  systems  shall  have  an  additional  outer  wrap- 
ping of  sulfate  kraft  paper. 


220°P  Minimum 
-10°P  to  160°P 
450°F  to  490 °F 


Field  Application  and  Inspection  (With  Electrical  Inspection) 
Short  lengths  of  pipe,  bare  pipe  ends.  Joints,  and  fittings 
shall  be  field-coated  during  construction  of  the  pipeline. 

The  coating  shall  consist  of  a thin  coat  of  "synthetic"  type 
primer  for  hot  coal-tar  enamel,  followed  by  two  coats  of 
plasticized  coal-tar  enamel  and  a wrapper  (bonded  to  the 
last  coat  of  coal-tar)  of  15-pound  coal-tar  saturated  asbes- 
tos felt  or  glass  fiber.  The  pipe  shall  be  cleaned  until 
free  from  all  loose  mill  scale,  rust,  moisture,  welding 
scale,  dirt  or  grease.  Grease  or  heavy  oil  shall  be  removed 
with  an  approved  volatile  solvent  (not  gasoline).  If  neces- 
sary, moisture  shall  be  removed  by  preheating  the  pipe. 

After  cleaning,  primer  shall  be  brushed" on  in  a thin,  even 
coat.  Runs,  drips  or  flooded  areas  in  the  finished  priming 
coat  shall  be  removed  by  brushing.  The  primer  coat  shall 
be  dry  before  enamel  coating  is  applied.  (To  test  for  dry- 
ness, scrape  a small  quantity  of  primer  from  the  pipe  and 
squeeze  tightly  between  the  fingers  - dry  primer  will  not 
stick  to  the  skin.)  Two  coats  of  enamel  shall  then  be  ap- 
plied to  the  clean,  dry,  dust-free  primed  pipe  surface. 
Application  temperature  of  the  enamel  shall  be  in  accord- 
ance with  manufacturer's  specifications,  taking  into  consid- 
eration the  atmospheric  temperature,  weight  of  pipe,  and 
conditions  of  application.  Two  coats  of  coal-tar  enamel 
shall  be  applied  by  hand-daubing  or  "pouring  and  ragging", 
to  a minimum  3/32"  thickness.  Application  of  the  second 
coat  will  be  followed  by  immediate  wrapping  with  the  15- 
pound  felt  or  glass  wrapper  so  that  the  wrapper  is  bonded 
to  the  coal-tar  coating.  Wrapper  overlap  shall  not  be  less 
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than  one  (l)  inch.  All  coating  shall  be  visually  inspected 
for  holidays  and  breaks  during  construction.  Electrical 
tests  shall  be  .conducted  in  the  field  with  a portable  high- 
voltage,  low-amperage  holiday  detector,  in  the  following 
manner : 

1.  Electrical  equipment  used  to  test  the  enamel  in  the 
field  shall  be  the  portable,  low-amperage,  adjustable  volt- 
age, pulse-type  holiday  detector.  The  holiday  detector  shall 
be  furnished  with  a coil  spring  electrode  for  the  larger 
coated  pipe  areas  and  a suitable  brush  type  electrode  for  the 
smaller  coated  bolt  and  structural  surfaces.  The  applicator 
will  provide  an  operator  for  this  equipment. 

2.  The  operating  voltage  of  the  detector  shall  be  in  the 
range  of  8,000  to  15,000  volts.  Due  to  variables  such  as 
relative  humidity  and  temperature,  the  detector  voltage  shall 
be  adjusted  twice  daily;  Just  before  starting  work  in  the 
morning  and  Just  before  starting  work  in  the  afternoon. 

3.  The  operating  voltage  of  the  detector  shall  be  determined 
by  the  following  procedure: 

a.  Select  a coated  and  wrapped  portion  at  the  overlap 
of  the  felt  approximately  15"  from  the  end  of  one  pipe 
length.  This  location  is  required  because  it  represents  the 
maximum  thickness  of  coating  and  wrapping  on  the  pipe. 

b.  Deliberately  puncture  the  coating  and  wrapping  with 
a sharpjg-pointed  tool. 

//iMove  the  electrode  back  and  forth  over  the  puncture 
and  deduce  \oltage  until  the  detector  does  not  indicate  the 
known  holiday? 

d.  Place  a strip  of  dry  15-pound  coal-tar  saturated 
asbestos  pipeline  felt  over  the  known  holiday.  Move  the 
detector  electrode  back  and  forth  over  the  felt  strip,  and 
slowly  increase  voltage  until  the  detector  starts  to  indicate 
the  known  holiday  under  the  felt  strip. 

4.  After  voltage  has  been  properly  adjusted  as  outlined 
above,  the  electrode  shall  be  passed  over  the  coated  and 
wrapped  surfaces,  one  time  only,  approximately  35'  to  50' 
per  minute. 

5.  Evidence  of  holidays  or  missed  places  will  be  indicated 
by  an  electric  spark  between  the  electrode  and  the  metal 
surface. 

The  Contractor  shall  provide  electrical  inspection  equipment 
and  an  operator.  Coating  imperfections  shall  be  marked  for 
patching  prior  to  backfilling.  If  no  electrical  inspection 
is  used,  all  coating  shall  be  visually  inspected  for  holidays 
and  breaks  during  construction.  Coating  imperfections  are 
to  be  marked  for  patching  prior  to  backfilling. 
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Repairing  Damaged  Coating 

All  holidays  or  breaks  in  coating  shall  be  repaired  before 
backfilling.  Small  holidays  are  to  be  repaired  by  pouring 
hot  coal-tar  enamel  directly  on  the  holiday.  Breaks  or  holi- 
days larger  than  1"  are  to  be  patched  by  removing  all  un- 
bonded coating  and  wrapper  around  the  holiday.  This  area 
shall  be  repaired  in  the  same  manner  as  field  application  of 
coating. 

Storage  and  Handling  of  Field-Coating  Materials 
Materials  for  field-coating  and  patching  shall  be  stored 
and  handled  in  a manner  that  prevents  damage  or  contamina- 
tion. All  rolls  of  wrappers  shall  be  stored  on  end  in  a 
dry  place,  kept  from  contact  with  concrete  flooring,  and 
protected  from  weather.  Primer  and  coating  shall  be  kept 
in  containers  that  prevent  contamination  with  dirt,  grease, 
oils,  and  other  foreign  materials.  Brushes  used  for  the 
application  of  primer  shall  be  clean  and  suitable  for  apply- 
ing a thin,  even  primer  coat.  Kettles  and  containers  used 
for  heating  and  pouring  coal-tar  coating  shall  be  free  and 
clean  of  foreign  material  and  dirt.  Coating  and  wrapping 
materials  shall  be  hauled  in  a manner  that  will  prevent 
damage  to  the  packages.  The  Contractor  will  be  billed  for 
excessive  material  damage  and  losses. 


Handling  Coated  Pipe 

Pipe  shall  be  handled,  shipped  and  stored  in  a manner  that 
will  prevent  coating  damage.  Mill-coated  pipe  shall  be 
stock-piled  on  soft  ground  or  padded  skids  at  the  construc- 
tion site.  Coated  lengths  of  pipe  shall  be  handled  with 
equipment  equipped  with  rubber  or  canvas  belt  slings  of  suf- 
ficient width  to  protect  the  coating.  Rolling  or  dragging 
the  pipe  over  rough  terrain  is  prohibited.  Skids  used  in 
over-the-trench  construction  shall  be  padded  with  sand  or 
straw  bags,  foam  pads  or  suitable  rubber  padding.  Lowering 
pipe  into  the  trench  shall  be  done  only  after  the  coating 
is  thoroughly  cooled.  Care  shall  be  exercised  during  low- 
ering operations  to  avoid  coating  damage  by  sides  of  the 
trench,  tree  roots,  and  objects  protruding  from  the  trench 
wall.  Before  lowering,  the  trench  bottom  shall  be  inspected 
for  rock*,  skids,  welding  rods,  and  other  debris  that  will 
damage^ coating.  Removal  of  water  from  the  trench  may  be 
necessary  to  perform  this  visual  inspection  of  the  trench 
bottom.  Sliding  and  positioning  the  pipe  in  the  trench  is 
to  be  avoided  and  should  be  done  only  when  absolutely  nec- 
essary. An  extremely  dry  or  rough  trench  bottom  shall  be 
flooded  with  water  to  provide  a smoother  sliding  surface 
and  prevent  excessive  coating  damage. 
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Backfilling  Coated  Pipe 
Backfilling  shall  be  performed  in  a manner  that  will  pre- 
vent damage  to  the  pipe  coating.  Rocks,  stones,  brickbats, 
and  other  hard  debris  shall  be  removed  from  the  backfill 
adjacent  to  the  pipe.  In  cases  where  rock  or  gravel  is  en- 
countered in  the  bottom  of  the  trench,  the  bottom  shall  be 
padded  with  soil  or  sand  to  a depth  of  four  (4)  inches. 

Where  suitable  soil  or  sand  padding  is  unavailable,  coated 
pipe  may,  upon  approval,  be  protected  from  rock  or  gravel 
with  a wrapper  or  layer  of  3/l6"  thick  pipeline  rockshield. 
Finer  portions  of  backfill  shall  be  used  for  the  first  layer 
of  backfill  to  a height  of  four  (4)  inches  above  the  top  of 
the  pipe.  Foreign  materials  and  items  common  to  pipeline 
construction,  such  as  cans,  buckets,  skids,  and  welding 
rods,  shall  not  be  discarded  in  the  trench. 

(2)  Hot-Applied  Asphalt.  Hot-applied  asphalt 
coatings  consist  of  air-blown  asphalt  reinforced  with  finely 
divided  mineral  filler.  (For  reference  see  NACE  2K158 
"Asphalt  Type  Protective  Coatings  for  Underground  Pipelines" 
or  NACE  2H157  "Asphalt  Otype  Protective  Coatings  for  Under- 
ground Pipelines  - Wrapped  Systems"  or  the  Asphalt  Institute 
Publication  "Asphalt  Protective  Coatings  for  Pipelines  - 
Construction  Series  No.  96  - Wrapped  and  Mastic  Systems".) 
Typical  specifications  for  hot-applied  asphalt  are: 


Minimum 


Maximum 


Weight,  lb. /gal.  at  60°F  10  

Percent  Ash  by  Weight  - 15  25 

ASTM  D-271 

Penetration  - 100  gm.wt.,  4 10 

5 sec.,  77 °F  - 
ASTM  D-5 

Softening  Point,  °F,  235  255 

ASTM  D-36 

Temperature  Exposure  0 160 

Range,  °F 

Normal  Application  450  500 

Temperature , °F 

As  with  hot-applied  coal-tar,  hot-applied  asphalt  has  a 
long-t$rm  record  of  effectiveness  for  underground  service. 
It  Is  applied  similarly,  over  metal  surface  primed  with  an 
asphalt  base  primer  and  may  Include  reinforcing  glass 
wrapper  and/or  glass  fiber  or  asbestos  felt  outer  wrap. 
Mill-wrapped  pipe  will  also  be  covered  with  kraft  paper  or 
whitewash.  The  specifications  for  surface  preparation, 
application  procedures,  and  handling  and  backfilling  pipe 
coated  with  coal-tar  enamel  may  be  used  as  a guideline  for 
asphalt  enamel  also. 
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Manufacturing  method  and  raw  material  quality  are  important 
to  a good  asphalt  enamel.  Asphalt  is  produced  by  distilla- 
tion of  asphaltic  petroleums  or  is  mined  directly  as  natur- 
ally occurring  asphalt  (such  as  gllsonite).  The  properties 
of  distilled  asphalt  vary  with  raw  material  makeup,  distil- 
lation time  and  temperature,  and  method  of  sparging.  Air- 
blown,  rather  than  steam-sparged,  asphalts  go  into  asphalt 
enamel.  Addition  of  gllsonite  to  distilled  asphalt  often 
greatly  improves  its  quality  as  a coating.  Mineral  ash  is 
added  for  Improved  strength.  Improved,  modern  asphalt  ena- 
mels are  less  water-absorbent  than  predecessors,  and  are 
comparable  ;o  coal-tar  enamels  as  coating  for  underground 
and  under*..  „er  service.  One  disadvantage  is  lower  resis- 
tance to  petroleum  products;  asphalt  coatings  may  be  dis- 
solved in  environments  containing  such  materials  and  their 
use  there  should  be  avoided. 

(3)  Asphalt  Mastic.  Asphalt  mastic  describes 
selected  sands,  fibers,  and  mineral  ash  held  together  with 
an  asphalt  binder.  (For  reference  see  NACE  2H158  "Asphalt 
Type  Protective  Coatings  for  Underground  Pipelines"  or 
NACE  2H257  "Asphalt  Type  Protective  Coatings  for  Under- 
ground Pipelines  - Mastic  Systems"  or  the  Asphalt  Institute 
Publication  "Asphalt  Protective  Coatings  for  Pipelines  - 
Construction  Series  No.  96  - Wrapped  and  Mastic  Systems".) 
These  materials  are  applied  hot,  by  pressure-extrusion  tech- 
niques and  are  characterized  by  greater  thickness  than  more 
conventional  coatings.  Average  thickness  of  1/2"  to  5/8" 
are  common,  with  thickness  up  to  1"  available.  Composition 
varies  depending  on  service  temperature  requirements,  but 
binder  content  of  about  12#  is  common.  Method  of  applica- 
tion includes  preheating  the  pipe  to  dry  the  surface, 
thoroughly  cleaning  the  surface,  and  applying  hot  primer. 
The  coating  is  then  mill-applied  in  a continuous  process 
and  coated  with  whitewash.  :*leld-patching,  especially  In 
adverse  weather  conditions,  can  be  a problem. 

Asphalt  mastic  coatings  are  characterized  by  good  coating 
integrity  due  to  extra  thickness.  No  outer  wrappers  are 
required.  The  coating's  thickness  gives  it  a special  advan- 
tage in  congested  areas  where  contacts  must  be  avoided  even 
in  close  clearances.  However,  as  with  other  asphalt  coat- 
ings, care  must  be  taken  to  avoid  dissolution  of  mastic 
binder  in  environments  containing  petroleum  products. 

(4)  Extruded  Polyethylene.  An  extruded  polyethy- 
lene pipe  coating  system  consists  of  a hot  film  of  high- 
density  polyethylene  extruded  over  a layer  of  hot,  rubber- 
ized thermoplastic  adhesive.  (For  reference  see  NACE 
2Kl6l  "Prefabricated  Plastic  Films  for  Pipeline  Coatings".) 
Application  procedure  includes  preheating  of  pipe  to  drive 
off  moisture,  cleaning,  application  of  adhesive,  extrusion, 
and  water  quenching.  This  type  coating  is  most  applicable 
to  small-diameter  distribution  pipe.  Joints  are  made  with 
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shrunk-on  polyethylene  sleeves  or  tapes.  Typical  specifica- 
tions for  a polyethylene  coating  system  are: 

The  system  shall  consist  of  a 10  mil  layer  of  adhesive  mas- 
tic and  a 25  to  40  mil  thickness  of  extruded  high-density 
polyethylene.  The  adhesive  mastic  is  to  be  a modified 
rubber-blend  material  that  does  not  become  hard  or  brittle. 
Extruded  high-density  polyethylene  shall  have  the  following 
general  properties: 

Tensile  Strength 
Elongation 

Penetration  - 200  psi 
load,  1/4"  blunt  rod 
Moisture  Absorption 
Dielectric  Strength 


3,500  psi  Minimum 
100# 

Negligible 


.02# 

1,000  volts  per  mil 
thickness 

Polyethylene  coating  systems  can  be  mill-applied  to  nipe 
from  1/2"  nominal  diameter  to,  and  including,  10-3/41'  out- 
side diameter. 


Also  available  are  extruded  coatings  of  polypropylene 
copolymer. 

(5)  Weighted  Coatings.  Weighted  coatings  consist 
of  heavy  material  applied  to  pipe  over  the  protective  coat- 
ing to  provide  adequate  weight  in  water  or  non-stable  back- 
fill. These  coatings  are  generally  concrete  containing  a 
heavy  aggregate  such  as  cast  iron,  reinforced  with  wire 
mesh.  Coating  composition  and  thickness  are  determined  by 
required  weight  and  environment.  Weighted  pipe  is  often 
difficult  to  cathodically  protect,  since  metal  reinforcing 
must  not  contact  the  pipe  at  any  point.  Contact  results  in 
shielding  pipe  from  protective  current.  In  addition  to  pre- 
venting contact,  care  must  be  taken  not  to  damage  protective 
coating  during  application  of  weighted  coaling.  Once  ap- 
plied, weighted  coating  provides  mechanical  protection  to 
the  metal  and  protective  coating,  greatly  reducing  damage 
and  the  need  for  repairs. 

(6)  Concrete.  Concrete  or  cement  is  used  for  both 
internal  and  external  coating,  especially  on  such  struc- 
tures as  buried  or  submerged  ferrous  water  or  sewer  lines, 
bridge  supports,  etc.  Tight  specifications  of  all  ingredi- 
ents, including  additives,  are  required.  Reinforcing  mesh 
is  usually  used,  especially  on  large  diameter  pipes'T  Con- 
crete coating  requires  curing,  usually  several  days. 

Concrete  is  an  alkaline  environment  and  should  not  be  ap- 
plied to  amphoteric  metals  such  as  lead  or  aluminum.  How-  ^ 
ever,  this  alkalinity  causes  ferrous  metals  to  become  cath- 
odic, protecting  them  from  corrosion.  Pinholes  or  small 
cracks  in  concrete  coating  generally  do  not  cause  problems 
because  they  fill  with  alkaline  material,  preventing  cor- 
rosion. Where  larger  sections  of  cpncrete  break  away  from 
the  metal  surface,  corrosion  can  occur  at  an  increased  rate. 
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Uncoated  areas  are  anodic  to  those  contacting  concrete. 

This  has  been  a problem  with  bridge  support  piles,  on  water 
crossings,  piles  are  frequently  encased  in  concrete  from  the 
deck  to  a point  below  water  level.  Severe  corrosion  has 
been  found  Just  below  the  jacket  bottom,  particularly  in 
salt  water.  Concrete  Jackets  should  extend  into  the  bottom, 
especially  if  cathodic  protection  is  not  used. 

Another  serious  problem  with  concrete-surrounded  structures 
is  corrosion  of  reinforcing  steel,  producing  spalling.  The 
main  cause  of  reinforcing  steel  corrosion  is  presence  of 
chlorides  in  concrete.  Chlorides  are  introduced  into  con- 
crete in  several  ways.  Sometimes  they  are  used  to  acceler- 
ate curing;  deicing  salts  are  another  source.  Finally,  salt 
water  has  been  used  in  the  past  in  coastal  areas  in  mixing 
concrete. 

The  effect  of  chlorides  is  two-fold,  in  that  both  the  pH 
and  the  electrical  resistivity  of  the  concrete  are  lowered. 
Normally,  the  pH  of  concrete  is  12  or  13,  and  steel  usually 
becomes  passive  in  environments  having  a pH  greater  than 
11.5.  With  addition  of  chlorides,  however,  the  pH  of  con- 
crete may  drop  to  6 or  7,  in  which  range  steel  will  corrode 
readily.  Chloride-free  concrete  has  a high  resistance  to 
flow  of  electric  current  but,  with  addition  of  chlorides, 
the  resistance  is  lowered  five-  to  ten-fold,  again  enhanc- 
ing corrosion. 

There  are  several  remedies  for  reinforcing  steel  corrosion, 
some  of  which  may  be  used  together.  Coatings,  both  metallic 
and  dielectric,  have  been  utilized.  Non-sacrificial  coat- 
ings such  as  copper  or  nickel  provide  a barrier  between  con- 
crete and  steel.  Nickel  has  been  quite  successful,  but  with 
copper,  if  a break  occurs,  the  steel  substrate  corrodes  rap- 
idly. Galvanizing,  a sacrificial  zinc  coating,  has  been 
used  with  considerable  success.  Galvanized  rods  have  an 
appreciably  longer  life  than  bare  rods. 

Dielectric  coatings  such  as  epoxies  and  bituminous  materials, 
as  well  as  cement  slurries,  are  also  used  to  control  corros- 
ion of  reinforcing  bars. 

One  of  the  most  effective  steps  that  can  be  taken  is  to  pro- 
hibit the  inclusion  of  chlorides  in  concrete.  Low  porosity 
concrete  reduces  corrosion,  as  does  air  entrainment.  Ade- 
quate cover  is  essential  and,  where  possible,  a minimum  of 
three  inches  should  be  specified. 

Some ^experimental  work  has  also  been  done  on  application  of 
cathodic  protection  to  reinforcing,  but  this  is  currently  a 
theoretical  area.  Current  density  must  be  limited  to  mini- 
mize the  possibility  of  losing  bond  between  steel  and 
concrete. 
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(7)  Thin  Films.  A recent  addition  to  the  selection 
of  underground  coatings  is  the  "thin  film"  group  - coal-tar 
epoxy,  butadiene  styrene,  or  vinyl  resin  applied  to  a thick- 
ness of  8 to  10  mils.  Some  of  these  coatings  are  exception- 
ally tough,  and  can  withstand  physical  treatment  that  could 
damage  thick,  more  traditional  coatings.  (For  reference  see 
NACE  publication  "Recommended  Practices  Associated  with  the 
Application  of  Organic  Coatings  to  the  External  Surface  of 
Steel  Pipe  for  Uhderground  Use".) 

(a)  Coal  Tar  Epoxy.  The  first  practical  "thin 
film"  coatings  for  underground  pipelines  were  the  coal  tar 
epoxies  - epoxy  resins  combined  with  coal  tar  or  coal-tar 
pitch.  Epoxy  resins  are  the  product  of  a condensation  re- 
action, usually  between  bisphenol  A and  epichlorohydrin . 

The  resultant  resins  vary  greatly  in  molecular  weight,  de- 
pending mainly  on  system  temperatures  and  pressure,  and 
ratio  of  reactants.  Low  molecular  weight  epoxy  resins  are 
liquid;  those  of  high  molecular  weight  are  solids. 

The  resins  contain  unreacted  epoxy  and  hydroxyl  radicals  in 
their  structure  and  can  be  combined  with  coal  tar  and  cer- 
tain other  materials  without  producing  harmful  byproducts. 
The  resultant  reaction  causes  crosslinking  of  epoxy  resin 
molecules,  with  greatly  altered  properties. 

Coal-tar  epoxies  may  also  contain  curing  compounds,  mineral 
fillers,  or  solvents.  Hie  ratio  of  coal  tar  to  epoxy  resin 
may  vary  from  1:1  up  to  3:1. 

Coal-tar  epoxies  are  an  improvement  over  either  major  con- 
stituent for  coating.  Coal  tar  improves  water  resistance 
and  greatly  reduces  cost  of  pure  epoicy  resin.  Coal  tar 
gains  better  resistance  to  many  oils  and  solvents,  im- 
proved thermoplastic  properties,  and  better  weathering 
characteristics.  The  combination  yields  a durable  coating 
for  both  metal  and  concrete  for  underground  and  underwater 
applications.  To  prevent  holidays,  two  coats  should  be  ap- 
plied; however,  for  many  applications  one  coat  suffices. 
Abrasion  and  impact  resistance  are  excellent,  as  is  adher- 
ence and  resistance  to  soil  stress.  Use  of  coal  tar  epoxies 
in  the  presence  of  strong  solvents,  however,  should  be 
avoided.  ^ 

Typical  specifications  for  coating  steel  with  coal-tar 
epoxy  are  given  here: 

Specification  for  Coating  with  Coal-Tar  Epoxy 
Coating  System 

al  Hie  coating  system  shall  consist  of  grit-blasting  con- 
forming to  the  specification  below  and  following  coating 
system: 

(1)  One  or  two  coats  of  coal-tar  epoxy. 

(2)  Material  shall  be  applied  by  spray. 
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Preparation  for  Coating 

a.  m planning  the  none,  provision  should  be  an.de  for  ac- 
complishing the  work  in  spite  of  obstacles  caused  by 
weather  and  other  local  conditions. 

b.  Where  work  is  to  be  done  In  winter  months  in  southern 
latitudes  and  application  oust  be  made  during  very  cold 
weather,  provisions  should  be  made  for  doing  the  work  in- 
doors in  a heated  space.  If  possible,  to  reduce  the  cost  of 
the  coating  operation  to  a minimum. 

Surface  Preparation 

a”.  All  surfaces'  to  be  coated  shall  be  dry  grit-blasted  to 
a gray  Commercial  Blast  at  least  equal  to  Steel  Structures 
Painting  Council  Specification  6-52T  with  the  additional 
requirement  that  all  mill  scale  must  be  removed.  Mill  scale 
binder  need  not  be  removed. 

b.  All  work  blasted  In  one  day  must  be  coated  on  that  day 
and  before  dew  point  has  been  reached.  Any  blasted  area, 
not  coated,  which  Is  exposed  overnight  has  to  be  at  least 
whip-blasted  before  coating  application. 

c.  All  areas  of  the  surface  which  are  to  be  blasted  which 
show  any  trace  of  oil  or  grease  shall  be  degreased,  using 
naphtha  or  xylol  prior  to  grit -bias ting. 

d.  All  surface  to  be  coated  shall  be  completely  dry,  free 
of  moisture,  soil,  dust  and  grit  at  the  time  of  coating. 

Preparation  of  Coating 

a.  The  coating  specified  for  this  work  Is  a two-component 
system  containing  all  of  the  resin  In  one  container  and  the 
catalyst  In  a second  container. 

b.  The  material  shall  be  prepared  for  application  In  accord- 
ance with  the  manufacturer' 8 Insert  sheet  in  the  container. 

c.  For  application  In  winter  time,  the  handling  of  the  ma- 
terial will  be  facilitated  by  storing  It  In  a place  where 
it  will  be  kept  at  a temperature  as  high  as  65°P  or  70°P. 

The  material  applies  much  more  readily  at  these  temperatures. 

d.  For  application  In  sumaer  time,  the  material  should  be 
stored  In  some  place  %here  it  is  In  the  shade.  Material  In 
the  sunlight  will  Increase  In  temperature  substantially 
above  atmospheric  temperatures,  if  the  material  In  the 
field  Is  kept  under  a shelter  out  of  the  sunlight,  the  tem- 
perature of  the  material  will  not  go  above  the  air  temper- 
ature. 

Application  of  Coating 

a.  the  coal-tar  epoxy  shall  be  applied  by  spray,  either  by 
using  a barrel  pump  of  at  least  8 to  1 ratio  and  a heavy 
duty  spray  gun  similar  or  equal  to  Blnks  7-E-2,  or  by  use 
of  airless  spray  equipment  of  at  least  28  to  1 pump  ratio. 

The  use  of  airless  spray  is  preferred  and  recommended  since 
pinhollng  is  reduced  and  touchup  is  practically  eliminated. 

b.  This  is  a thermo-setting  material.  All  material  cata- 
lyzed at  any  one  time  must  be  applied  within  the  time  limits 
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specified  in  the  manufacturer's  brochure 


Thinning 

al  Whenever  possible,  the  coal-tar  epoxy  coating  should  be 
applied  without  thinning.  Note  that  this  is  a thixotropic 
material  which  is  quite  viscous  when  first  opened  but  which 
is  reduced  to  spraying  consistency  by  vigorous  mechanical 
agitation  for  at  least  five  minutes.  If  thinning  mist  be 
done,  it  must  be  limited  to  a quantity  of  thinner  not  to 
exceed  the  equivalent  of  the  catalyst.  Only  the  thinner 
recommended  by  the  manufacturer  shall  be  used. 

Coating  Thickness 

a A minimi!  thickness  of  10-15  mils  (0.010-0.015  Inches) 
dry  film  is  required  for  the  coating  on  all  surfaces, 
b.  Dry  film  thickness  will  be  measured  by  either  an 
Elcometer  dry  film  meter,  MIKROTEST  dry  film  thickness  gauge, 
or  equivalent . 

Inspection 

a.  satisfactory  performance  will  be  based  upon  acceptance 
of  the  completed  work  by  the  Engineer's  Inspector.  Each 
day's  work  will  be  Inspected  by  the  Engineer  not  later  than 
the  day  following  application  of  the  coating.  The  grit- 
blasting  and  surface  preparation,  however,  is  to  be  approved 
by  the  Inspector  before  the  start  of  the  coating  application. 

b.  Inspection  of  the  completed  work  shall  be  by  use  of  the 
magnetic  film  thickness  detectors  and  by  visual  inspection 
for  pinholing  and  holidays.  The  Inspector  may  also  inspect 
for  these  defects  by  means  of  a low-voltage  volt  holiday 
detector.  High-voltage  detectors  (above  100  volts)  will  not 
be  used.  Detection  of  Inadequately  coated  areas  will  be  in- 
dicated by  the  Inspector  by  circling  with  chalk  the  areas  to 
be  touched  up.  If  five  or  more  such  deficiencies  are  found 
in  a 100  sq.ft,  area,  the  Inspector  may  require  recoating  of 
the  entire  area  in  which  these  occur. 


be  generally  smooth,  glossy, 
and  free  of  protuberances  which  could  be  removed  by  abras- 
ion. A minor  amount  of  sags,  dimpling  and  curtaining  which 
does  not  exceed  to  3J*  of  the  surface  will  not  be  consid- 
ered cause  for  rejection  unless  they  present  sharp  edges 
which  might  cause  removal  from  abrasive  reaction, 
b.  In  the  event  the  Inspector  directs  removal  of  sharp  pro- 
tuberances, they  shall  be  cut  off  using  a sharp  wood  chisel 
laid  flat  against  the  surface.  The  zones  from  which  mater- 
ial is  removed  shall  be  lightly  wire-brushed  and  wiped  with 
methyl-Isobutyl-Ketone  and  recoated  to  smooth  the  surface. 
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(b)  Butadiene-Styrene . Thin-film  coatings  of 
butadiene -styrene  and  related  copolymers  are  available , pro- 
viding excellent  resistance  to  many  corrosives.  These  coat- 
ings provide  excellent  bonding,  used  without  primers . Some 
use  with  oil  primers  is  also  found.  Available  as  either 
solution  or  emulsion,  butadiene-styrene  coatings  provide 
good  protection  in  mildly  corrosive  applications. 

A typical  composition  for  this  type  coating  is  35  to  45$  ! 

solids,  60  to  800  of  which  are  styrene  resin.  i 

(c)  Vinyl  Resin.  Vinyl-based  thin-film  coatings 
are  used  for  pipe  from  3/4”  to  12 ".  They  resist  acid,  alka- 
li and  other  chemical  attack,  although  solvent-attack  is 
sometimes  a problem.  Tough  and  impact-resistant,  vinyl  thin 
films  also  exhibit  strong  bonding  ability. 

i 

The  basic  vinyl  resin  can  be  altered  to  produce  many  varia-  j 

tlons.  Currently,  "hot  milling”  (mixing  with  application 
of  heat  and  high  pressures)  produces  the  most  satisfactory  i 

material  for  coating.  Electrostatic-spraying,  the  best 
■mans  of  application,  requires  this  vigorous  mixing  techni- 
que for  proper  application  of  vinyl. 

Vinyl  is  applied  to  pipe  as  follows:  Bare  pipe  is  heated  to  ! 

remove  moisture  and  then  grit-blasted  to  clean  metal  surface. 

Buffing  followed  by  priming  with  compatible  primer  is  next. 

Pipe  is  then  heated  to  from  460°  to  580°P  for  coating. 

Charged  vinyl  powder  finely  divided  by  grinding  is  electro- 
statically sprayed  from  a fluidized  bed.  Infrared  heat  com- 
pletes the  coating  process,  followed  by  water  quench  to  room  j 

temperature.  Coating  thickness  is  generally  12  to  15  mils. 

(8)  Waxes.  Microcrystalline  wax  based  coatings 

are  similar  in  application  to  hot  tar  coatings.  (For  refer- 
ence see  NACE  2L161  "Hot-Applied  Wax  Type  Protective  Coat- 
ings and  Wrappers  for  underground  Pipelines " . ) Required  , 

thickness  is  generally  about  40  mils,  however,  applied  with- 
out primer  but  with  a thin  plastic  wrapper  for  mechanical 
strength.  Temperature  limits  are  lower  for  wax  coatings 

than  for  hot  tar  coatings.  Because  of  this  and  other  11ml-  j 

tat ions,  wax  coatings  are  not  in  general  use. 

(9)  Cold-Applied  Mastl9S.  Cold-applied  mastics 
are  sometimes  used  when  it  is  not  feasible  to  use  hot-ap- 
plied coatings.  These  are  usually  manufactured  from  coal- 
or  asphaltic-tar  cutbacks.  Curing  and  hardening  occurs 
through  evaporation  of  the  solvent.  Reinforcing  wrappers 
are  generally  Included;  optimum  coating  thickness  is  ob- 
tained with  several  coats  (20  to  40  mils).  Sometimes  a 
chemical  curing  step  is  included;  this  limits  the  "pot  life", 
requiring  rapid  application  of  mixed  coating. 

Cold-applied  mastics  are  not  in  general  use  for  underground 
structures.  In  general,  their  effective  life  underground 
is  approximately  five  years  and  they  are  limited  in 
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temperature  range.  Also,  these  coatings  are  often  soluble 
In  common  solvents,  because  lighter  ends  are  Included  from 
the  coal-tar  or  asphalt  base.  Although  these  coatings  are 
not  generally  recommended  for  underground  use,  they  do  pro- 
vide some  protection  and  may  often  be  used  when  costs  or 
temperature  requirements  disallow  hot-applied  coatings. 

5.4.2  Wrappers . Wrappers  are  employed  for  several  rea- 
sons, and  serve  in  one  or  more  ways: 

As  an  outer  barrier  to  prevent  and/or  indicate 
coating  damage  during  handling,  transit,  storage,  and 
installation. 


coating. 


to  reflect  heat  that  could  soften  and  deform 


to  provide  reinforcement  within  coatings,  improv- 
ing mechanical  properties, 

as  a shield  between  coated  structures  and  backfill, 
helping  to  prevent  holidays  in  service, 

^ to  improve  dielectric  properties  of  coating. 


sleeves). 


as  coating  systems  in  themselves  (as  tapes  or 


The  particular  coating  and  structure  situation  determines 
wrapper  selection.  Some  wrappers  and  uses  are  discussed 
here. 

5. 4. 2.1  Pipeline  Pelts.  Pipeline  felts  are  outer  wraps, 
usually  of  glass  fiber  or  asbestos.  They  serve  as  protec- 
tive layers  for  enamel  or  other  coatings.  (For  reference 
see  AWWA  Specification  C-203-62;  Mil.  P-18999A  (3/10/64).) 
Usually  bonded  to  the  coating,  pipeline  felts  are  saturated 
with  coal  tar  or  asphalt,  depending  on  coating  composition. 
Obese  wraps  are  sometimes  used  over  thin  film  or  tape  coat- 
ings and  may  have  a reflecting  surface. 

Rag  felts  made  from  fabric  have  been  used  as  outer  wrap. 

These  are  not  generally  recommended.  Obey  consist  of  organ- 
ic material  which  may  rot  in  the  environment,  exposing  coat- 
ing or  producing  conditions  favorable  for  bacterial  corros- 
ion. Non-rotting  asbestos  or  alkaline-resistant  glass  fiber 
wrappers  should  give  better  service.  In  alkaline  soils  or 
where  cathodic  protection  is  apnOled  (producing  alkaline 
conditions),  sodium  glass  and  othn*  non-resistant  glasses 
may  dissolve. 

Pipeline  wrappers  are  commonly  available  in  two  weights:  8 
or  15  lbs/100  ft2  (see  Table  5-10  for  standard  roll  sizes 
and  coverage  data).  Often,  they  have  a reflecting  surface, 
such  as  sulfate  kraft  paper,  to  prevent  heat  absorption. 
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1 1.315  lol7  1/2  4 24  4.0 

1- 1/2  1.900  2625  1/2  4 33  6.3  I 

2 2.375  3280  1/2  4 4l  7.7 

2- 1/2  2.875  3980  1/2  4 49  9.2 

3 3.500  4838  1/2  6 56  10.6  ! 

3- 1/2  4.000  5528  1/2  6 64  12.0 

4 4.500  6220  1/2  6 71  13.5  J 

4- 1/2  5.000  6911  1/2  6 79  14.9 

5 5.563  7689  1/2  6 87  16.5  : 

6 6.625  9158  3/4  9 103  19.5 

8 8.625  11922  3/4  9 133  25.2 


10 

10.750 

14860 

3/4 

12 

162 

30.6 

{ 

12 

12.750 

17624 

1 

12 

195 

36.9 

— 

14 

19352 

1 

18 

208 

39.4 

i 

— 

16 

22117 

1 

18 

237 

44.9 

1 

— 

18 

24881 

1-1/2 

18 

273 

51.7 

\ 

— — 

20 

27646 

1-1/2 

18 

303 

57.4 

i 

— — 

22 

30411 

1-1/2 

18 

332 

63.1 

s 

— - 

24 

33175 

1-1/2 

18 

363 

68.7 

\ 

I 

— 

26 

35940 

1-1/2 

18 

393 

7'+.4 

i 

— 

28 

38704 

1-1/2 

18 

423 

80.1 

S 

— 

30 

41469 

1-1/2 

18 

453 

85.8 

5 

\ 

— 

36 

49763 

1-1/2 

18 

543 

102.8 

1 

i 

* All  quantities  of  wrap  are  estimated  over  coated 
pipe  allowing  for  1/8"  coating  thickness.  No  allow- 
ance has  been  made  for  waste.  For  machine  applica- 
tion, allow  3#  to  5%  additional  for  waste,  patching, 
etc.  For  hand  wrapping,  double  the  amount  of  lap. 


178 


r 


S >.4.2.2  H«.'  1 nt'orclm-;  Wrapper.  Wrappers  (impregnated  or 

non- impregnated ) are  also  used  for  reinforcing  enamel  coat- 
ings. (?or  reference  see  AWWA  Specification  C-203-62.; 

Federal  HH-C-466B. ) Used  between  two  layers  or  enamel,  they 
are  applied  to  increase  coating  strength  and  prevent  cold 
flow.  Open  weave  glass  wrappers  are  often  pulled  into  the 
enamel  so  only  one  heavy  coat  is  required.  These  may  also 
be  used  with  cold"-applied  coatings. 

Reinforcing  wrappers  should  be  surrounded  by  coating  and  not 
in  contact  with  the  structure,  to  be  fully  effective.  As 
with  outer  wraps,  reinforcing  wrappers  of  fabric  or  soft 
glass  should  be  avoided.  Rag  fibers  protruding  from  coating 
can  absorb  moisture,  waterlogging  the  entire  reinforcing 
wrapper.  This  is  especially  damaging  at  points  of  structure- 
to-wrapper  contact. 

Reinforcing  wrappers  are  available  in  rolls  of  standard 
widths  and  lengths. 

5. 4. 2. 3 Rockshield.  Rockshield  is  a supplemental  outer 
wrap  used  to  protect  "pipe  in  rocky  ground.  This  may  elimin- 
ate dirt  or  sand  trench  padding,  by  cushioning  pipe  during 
installation  and  service.  It  is  tar-impregnated  fiber  board, 
available  in  slabs  1/8"  to  1/4"  thick.  (See  Table  5-11  for 
standard  slab  dimensions  and  coverage  data.) 

It  Is  usually  strapped  or  taped  in  place  circumferentially, 
and  does  not  exhibit  a uniform  bond  to  the  structure. 

Water  can  become  trapped  beneath  it.  (Sometimes,  however, 
it  is  "sealed  down"  with  hot  enamel  to  prevent  slippage.) 
Therefore,  rockshield  should  be  used  only  with  well-coated 
lines.  Another  application  is  padding  under  river  clamps, 
weights  and  hold-down  anchors. 

5. 4. 2. 4 Loose  Polyethylene  Sleeves.  Loose  fitting, 
unbonded  polyethylene  in  sheet  or  tube  form  has  been  used 
recently  as  a wrapper  for  burled,  uncoated  cast-iron  pipe. 

It  is  installed  by  either  of  the  following  two  procedures: 

(1)  Polyethylene  sheet,  formed  into  tubes  of  con- 
siderably larger  diameter  than  the  pipe,  is  cut  to  the 
length  of  individual  pipe  sections,  placed  around  them,  and 
sealed  with  tape. 

(2)  Sheet  polyethylene,  cut  to  fit  a pipe  section, 
is  wrapped,  overlapped,  and  secured  circumferentially,  by  tape 

This  coating  does  not  provide  complete  sealing  of  metal  from 
ground  water  or  air  and  Is  not  designed  to  prevent  seepage. 
However,  foreign  material  is  kept  from  directly  contacting 
the  metal  structure. 
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Table  5-11 

Typical  Widths,  Lengths  of  Rockshield  Slabs 
Standard  Widths  (Inches)  17  to  72 

Standard  Lengths  (inches)  36  to  120 


Nominal  Actual 


Recommended 


Squares  Required 


Diameter 
(Inches  J 

TTOTW. 

'of  Pipe 

Miles 
of  Pine 

2 

2.375 

1/8 

12 

8-0 

10.0 

53 

2-1/2 

2.875 

1/8 

12 

8-0 

10.0 

53 

3 

3.500 

1/8 

15 

8-0 

12.5 

66 

3-1/2 

4.000 

1/B 

15 

8-0 

12.5 

66 

4 

4.500 

3/1 6 

3.7 

8-0 

14.2 

75 

4-1/2 

5.000 

3/16 

18 

8-0 

15.0 

79 

5 

5.563 

3/16 

20 

8-0 

16.7 

88 

6 

6.625 

3/16 

24 

8-0 

20.0 

106 

7 

7.625 

3/16 

27 

8-0 

22.5 

119 

8 

8.625 

3/16 

30 

8-0 

25.0 

132 

9 

9.625 

3/16 

34 

8-0 

28.3 

149 

10 

10.750 

3/16 

36 

8-o 

30.0 

159 

11 

11.750 

3/16 

4o 

10-0 

33.3 

176 

12 

12.750 

3/16 

44 

10-0 

36.7 

194 

13 

14.000 

3/16 

48 

10-0 

40.0 

211 

14 

15.000 

3/16 

51 

lOrO 

42.5 

224 

16 

16.000 

3/16 

54 

10-0 

45.2 

239 

18 

18.000 

3/16 

60 

10-0 

50.0 

265 

20 

20.000 

3/16 

66 

10-0 

55.0 

290 

22 

22.000 

3/16 

72 

10-0 

60.0 

317 

24 

24.000 

3/16 

72 

6-8 

66.7 

352 

26 

26.000 

3/16 

72 

7-2 

71.6 

378 

28 

28.000 

3/16 

72 

7-8 

76.6 

4o4 

30 

30.000 

3/16 

72 

8-2 

81.6 

431 

32 

32 . 000 

3/16 

72 

8-8 

86.5 

456 

34 

34.000 

3/16 

72 

9-2 

91.6 

484 

36 

36.000 

3/16 

72 

10-0 

100.0 

528 

\ 
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A study  of  polyethylene  wrappers  was  made  by  The  Cast  Iron  j 1 

Pipe  Research  Association  (reference  15),  with  some  good  J 

results  reported.  One  theory  advanced  for  this  is  that  oxy- 
gen, in  the  presence  of  ground  moisture  under  polyethylene, 
is  depleted  during  an  initial  corrosion  reaction  at  the  sur- 
face of  cast  iron.  Once  this  oxygen  is  used,  no  more  is 
available,  and  no  further  corrosion  can  occur. 

While  it  is  true  that,  even  for  steel,  depletion  of  oxygen 
will  prevent  some  types  of  corrosion;  other  types  of  corros- 
ion (that  caused  by  anaerobic  sulfate-reducing  bacteria  in 
particular)  will  accelerate  in  the  absence  of  oxygen.  Also, 
the  reported  effectiveness  is  at  least  partially  because  pro- 
ducts of  corrosion  of  cast  iron  are  retained  by  the  free 
graphite  constituent  of  pipe  to  form  a barrier.  Corrosion 
products  of  steel  will  not  adhere  in  this  manner. 

The  effectiveness  of  loose  fitting,  polyethylene  pipe 
sleeves  is  at  best  debatable.  By  requiring  bonded  coatings 
and  cathodic  protection  for  pipes  transporting  hazardous 
liquids  or  natural  gas,  the  Department  of  Transportation  in 
effect  prohibits  using  loose  sleeves  for  such  applications. 

(Cathodic  protection  - assuming  remote  anodes  - cannot  be 
applied  beneath  unbonded  coatings.) 

5.4.2. 5 Loose  Polyethylene  Wrappers  for  Tanks.  Loose 
fitting  polyethylene  wrappers  have  been  suggested  for  use  as 
total  corrosion  protection  for  buried  steel  tanks.  The 
soundness  of  this  application  is  questionable.  The  same 
problems  associated  with  loose  fitting  pipe  sleeves  apply  to 
tanks.  In  addition,  corrosion  products  of  steel  are  not  re- 
tained as  they  are  in  cast  Iron.  Consequently,  when  corros- 
ion occurs,  failure  is  often  more  imminent  than  with  cast 
iron . 

5. 4. 2. 6 Tape  Coatings.  Several  types  tape  are  used  for 
full  coating  systems"  Some  are  hot-applied;  others,  cold- 
applied.  As  with  any  coating,  hot-applied  tapes  when  prop- 
erly applied  to  clean,  dry  metal  serve  better  underground. 

Cold-applied  systems  generally  achieve  no  more  than  a five- 
year  life  or  so  underground.  As  with  non-tape  cold-applied 
coatings,  cold-applied  tape  may  be  specified  when  hot- 
applied  coatings  are  not  feasible  for  mechanical  and  econom- 
ical reasons. 

a.  Hot-Applied.  Several  hot-applied  tape  coatings 
are  used.  (For  reference  see  Federal  Specification 
HH-T-30a.)  These  are  basically  similar,  consisting  of  organ- 
ic or  inorganic  fibers  impregnated  and  thoroughly  coated  with 
coal-tar  pitch.  Plastic  film  is  embedded  Into  this  as  both 
separator  and  outer  wrap.  These  coatings  are  best  applied 
over  primer  compatible  to  coal-tar  pitch.  Tape  coatings 
using  organic  (cloth)  fibers  are  easier  to  apply  but 


generally  inferior  to  those  using  inorganic  (usually  glass) 
fibers.  Organic  matter  can  rot,  providing  an  environment 
which  can  support  bacterial  corrosion. 

Specifications  for  a typical  hot-applied  tape  are  given  here. 
Tape  Coating  (Hot -Applied) 

Tape -form  liot-applied  coal-tar  coating  system  shall  consist 
of  one  coat  of  coal-tar  primer,  and  a single  layer  of  cape. 
Primer  shall  be  compatible  with  the  coal-tar  tape  coating 
and  shall  be  cold-applied  to  clean  dry  surfaces.  The  coat- 
ing tape  shall  consist  of  a plastic  film  embedded  in  pliable 
coal-tar  coating,  bonded  and  impregnated  into  high-tensile 
strength  fiber  glass  fabric  base  completely  saturated  with 
coal-tar  pitch.  Coal-tar  coating  shall  have  the  following 
general  properties: 

Softening  Point  170°F-175°F  (ASTM  E-28) 

Penetration  at  77  °F  8 (ASTM  D-5) 

Thickness  58  mils  + 2 

Dielectric  Strength  12  KV  (Exceeds) 

Salt  Crock  Test  Passes  (ASTM  G-8 

Cathodic  Disbonding) 
Meets  Federal  Specification  HHT  30a 
Meets  AWWA  Specification  C203-71 

Compatible  with  coal  tar,  asphalt,  polyethlene,  poly- 
propylene and  epoxy  mill  or  yard  coating. 

Application  shall  be  either  spiral  or  cigarette  wrap.  For 
the  spiral  wrap  after  initial  priming,  the  torch  flame  shall 
be  flashed  on  coating  side  of  tape  (not  film  side  if  tape 
has  plastic  film).  Coating  side  shall  be  applied  to  surface, 
alternately  heating  and  then  spirally  wrapping  in  single 
thickness  with  1/2"  minimum  overlap  of  tape.  Any  plastic 
film  must  be  flashed  off  the  overlapped  area.  For  the  cig- 
arette wrap  after  initial  priming,  strips  of  tape  shall  be 
cut  to  circumference  of  pipe  plus  2 inches  and  applied  to 
pipe  circumferentially,  heating  as  above. 

Manufacturer's  specifications,  for  the  particular  tape  used, 
should  be  consulted.  It  is  also  advisable  to  have  manu- 
facturer's field  representative  to  instruct  application  crews 
and  periodically  monitor  the  work. 

b.  Cold-Applied.  Cold-applied  tapes  of  many  kinds  are 
used,  generally  only  where  hot-applied  tapes  are  infeasible. 
Some  are  used  without  primers,  although  in  general  this  im- 
proves metal-to-coating  bond.  Uses  other  than  complete 
coating  systems  are: 

Coating  welded  Joints, 

Small  Jobs  where  economics  make  use  of  equipment  for 
hot-applying  infeasible. 

Patching  damaged  sections  of  mill-wrapped  pipe  for 
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installation. 

Patching  for  repairs  to  excavated  lines. 

One  type  consists  of  a coal-tar  material  or  coal-tar-resin 
compound  bonded  to  a plastic  outer  film,  applied  over  a 
coal-tar  base  primer.  Other  tapes  used  are  made  from 
plastics  (usually  polyvinylchloride  or  polyethylene),  ap- 
plied to  primed  surfaces.  These  may  be  adhesive,  rubber- 
backed,  or  used  in  combination  with  microcrystalline  wax. 
Paper  outer  wraps  may  be  added. 

Cold-applied  tapes  are  frequently  less  costly  than  other 
underground  coating  systems;  they  require  less  equipment 
and  fewer  trained  personnel  for  installation.  However, 
their  relatively  short  in-service  life  (about  five  years) 
limits  their  use . 

5. 4. 2. 7 Other  Wrappers.  Dielectric  wrappers  made  of 
various  thin-ITTm "plastics  (acetate,  polyester,  mylar)  are 
sometimes  used  to  improve  a coating's  electrical  strength. 
These  may  be  bonded  to  a reinforcing  mat  or  fabric  to  pro- 
vide improved  mechanical  and  electrical  properties.  Di- 
electric wrappers  are  often  used  over  microcrystalline  wax 
or  grease-based  coatings. 

5.5  INHIBITORS.  Prom  a corrosion  standpoint,  an  inhibi- 
tor is  a substance  which,  when  added  to  the  environment  in 
proper  amount,  eliminates  or  sharply  reduces  corrosion. 
Inhibitors  are  especially  important  in  water,  steam,  and 
condensate  lines,  although  they  are  used  in  many  other  en- 
vironments . 

Inhibitors  generally  reduce  corrosion  by  polarizing  the 
anode  (anodic  inhibition)  or  cathode  (cathodic  inhibition), 
or  by  forming  deposit  on  the  metal  surface,  increasing  cir- 
cuit resistance  (general  inhibition). 

5.5.1  Polarization  Diagram.  Polarization,  discussed  in 
paragraph  S.T,  Is  a change  in  potential  of  an  electrode 
because  of  a current  flow.  Examination  cf  polarization 
diagram  similar  to  Figure  3-7  reveals  how  inhibitors  can 
affect  polarization. 

Anodic  inhibitors  increase  polarization  of  the  anode 
(Figure  5-2a),  reducing  corrosion  current  (Al).  This  means 
corrosion  is  retarded. 

Cathodic  inhibitors  increase  polarization  of  the  cathode, 
also  reducing  corrosion  current  (Al)  (Figure  5-2b).  Most 
inhibitors  actually  affect  both  electrodes,  one  more  than 
the  other. 
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Figure  5-2 

FFECT  OF  INHIBITORS  ON  POLARIZATION  DIAGRAMS 


General  inhibitors  form  a film  or  deposit  on  the  m_tal  sur- 
face, increasing  overall  circuit  resistance.  The  result  is 
decreased  corrosion  current,  as  with  other  mechanisms. 

5.5.2  Types  of  Inhibitors.  In  addition  to  classification 
by  method  of  polarization  (anodic,  cathodic,  general),  some 
inhibitors  are  differentiated  in  other  ways.  Important 
types  are  discussed  here. 

5. 5.2.1  Passivating  Inhibitors . Passivation  was  dis- 
cussed in  paragraph  3.87l.  Environments  which  passivate 
steel  and  other  susceptible  metals  contain  anodic  inhibi- 
tors called  passivating  inhibitors.  The  film  formed  by  the 
inhibitor  on  active-passive  metal  is  cathodic  to  bare  metal. 
If  this  film  does  not  cover  the  entire  surface,  corrosion 
may  Increase  due  to  the  area  effect  (paragraph  3. 2. 3. 3. a). 
This  can  occur  if  insufficient  passivating  inhibitor  is 
present . 

Examples  of  passivating  inhibitors  which  affect  steel  are 
chromates,  nitrates,  and  nitrite  ions  (no  oxygen  present). 
Others,  such  as  phosphate,  require  oxygen. 

5. 5.2.2  Vapor  Phase  Inhibitors.  Vapor  phase  inhibitors 
are  volatile  compounds  used  in  a closed  system,  which  travel 
as  vapor,  condensing  on  the  corroding  metal.  There  it  forms 
protective  ions  (such  as  nitrites  to  passivate  steel). 
Compounds  such  as  dicyclohexylamine  nitrite  and  others  in- 
hibit corrosion  of  boiler  condenser  tubes  and  closed  ship- 
ping containers  In  this  manner. 

5. 5. 2. 3 Organic  Inhibitors.  Organic  Inhibitors  are 
usually  classified  under  "general  control",  because  they 
affect  both  anode  or  cathode  to  varying  degrees.  The  gener- 
al mechanism  of  this  class  is  formation  of  a surface  film, 
a few  molecules  to  several  thousandths  of  an  inch  thick. 
Sulfonates  and  various  amines  are  commonly  used  organic 
inhibitors . 

5. 5. 2. 4 Precipitation  Inhibitors.  Precipitation  Inhib- 
itors also  fall  Into  the  "general  coritrol"  class.  In  produc- 
ing precipitate  films  over  the  entire  metal  surface. 

Common  precipitation  inhibitors  are  phosphates  and  silicates, 
used  in  water.  Silicate  forms  a protective  film  over  steel 
in  aerated,  low-salinity  water,  such  as  city  water  supplies. 
The  amount  of  silicate  required,  determined  by  the  satura- 
tion index.  Is  Influenced  by  water  composition  and  pH. 

Phosphates  require  motion  and  the  presence  of  calcium  and 
oxygen  to  be  inhibitors.  Both  phosphates  and  silicates, 
being  non-toxic,  are  useful  for  inhibiting  potable  water 
supplies.  Chromates  or  nitrites,  more  effective  inhibitors, 
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are  toxic  and  cannot  be  used. 

5.6  INSULATION. 

5.6.1  General  Application . Dielectric  material  is  used 
to  electrically  isolate  one structure  from  another.  Rea- 
sons for  this  are: 

To  separate  dissimilar  metals,  preventing  galvanic 
corrosion. 

To  separate  structures  with  different  surroundings 
or  different  coatings,  preventing  corrosion  due  to  dissimi- 
lar environments. 

To  prevent  contact  between  carrier  pipes  and  casing 
To  sectlonalize  one  cathodic  protection  system  from 
another.  One  system  may  be  in  an  environment  different  from 
that  of  another  section  or  have  a different  quality  of  coat- 
ing, requiring  higher  current  density  for  protection,  or  one 
section  of  a pipeline  may  not  require  cathodic  protection 
whereas  the  adjacent  section  may  require  protection. 

To  prevent  cathodic  protection  current  from  flow- 
ing onto  foreign  structures. 

To  isolate  bare  electrical  cable  exposed  at 
splices,  connections  or  other  places  where  current  could 
leave  the  cable.  This  also  prevents  water  or  other  undesir- 
able material  from  contacting  the  wire. 

To  insulate  pipes  or  cables  from  concrete  or 

masonry. 

To  Insulate  sections  of  line  from  each  other  to 
increase  total  circuit  resistance  to  reduce  stray  current 
flow. 

The  purpose  of  dielectric  insulation  is  defeated,  and  insu- 
lation Is  not  effective,  if  low-resistance  metallic  paths 
are  inadvertently  provided  around  insulation.  Dielectric 
insulation  can  be  "shorted"  by  metallic  hangers  or  supports 
connected  to  steel  building  beams  or  other  structures. 

Care  must  be  taken  to  avoid  physical  contact  between  an 
insulated  structure  and  other  burled  metallic  facilities. 
Including  building  steel.  "Bypassing"  with  parallel  pipes, 
beams,  etc.  should  be  avoided.  Insulating  material  must 
not  be  cracked  or  forced  between  unaligned  fittings.  Mois- 
ture, mud,  etc.  must  be  kept  away  from  insulating  material, 
and  any  burled  Insulation  must  be  thoroughly  coated  before 
it  becomes  moisture  saturated. 

When  insulation  is  used  between  two  different,  or  sections 
of  the  same,  underground  structures,  it  never  completely 
(produces  infinite  resistance)  electrically  isolates  them. 
This  Is  because  the  resistance  between  any  two  buried  sur- 
faces is  the  sum  of  their  individual  surface-to-earth  inter- 
face resistances.  It  is  not  uncommon  to  install  effective 
dielectric  insulators  and  then  measure  resistance  across 
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them  only  to  find  that  it  is  less  than  1.0  ohm.  This  is 
effective  insulation,  however,  because  corrosion  voltages 
are  proportionally  small. 

Insulation  effectiveness  can  be  best  determined  by  testing 
and  inspection  both  during  and  after  installation.  Impres- 
sing a voltage  across  the  insulated  Joint  and  measuring 
current  flow  or  resistance  Indicates  insulation  effective- 
ness. A "Megger",  or  a battery-powered  "Vibroground " may 
be  used  for  this  test.  The  resistance  should  be  infinite 
when  the  insulating  fitting  is  tested  before  its  connection 
to  piping.  It  will  usually  be  much  less  when  buried  piping 
or  other  metal  is  connected  to  either  or  both  sides.  A 
test  station  with  four  connections  (two  on  each  side  of  the 
joint)  are  required  for  accurate  resistance  measurements  of 
buried  insulated  fittings  (paragraph  5.8). 

5.6.2  Types. 

5. 6. 2.1  Insulation  Through  Walls.  Insulation  is  often 
used  on  pipes  entering  building  walls  to  electrically  iso- 
late them  from  the  walls  themselves  or  other  metallic  struc- 
tures in  them.  This  also  prevents  the  structure  from  pick- 
ing up  stray  currents  in  the  wall  which  could  cause  corros- 
ion. Where  the  line  is  being  cathodically  protected  under- 
ground outside  the  wall,  this  insu3  tion  minimizes  loss  of 
current  to  other  metallic  structures  through  the  wall. 

Figure  5-3  shows  an  insulation  system,  for  pipe  going 
through  a wall.  (An  air  space,  rockshield,  or  pipeline 
felt  might  also  be  inside.)  This  type  insulation  Is  also 
used  around  pipe  contacting  both  concrete  and  soil  at  vari- 
ous sections  (such  as  radiant  heating  pipe),  to  prevent 
soil-concrete  cell  corrosion  (paragraph  4.3). 

5. 6. 2. 2 Insulated  Fittings.  Insulated  fittings  are 
used  to  electrically  Isolate  one  section  of  a structure 
from  another  section  of  the  same  structure.  Pipe  fittings 
which  are  commercially  available  as  Insulators  of  dielec- 
trics are: 

1.  flanges 

2.  unions 

3.  couplings 

4.  nipples 

Flanged  fittings  are  insulated  with  a gasket  between  flange 
faces  and  with  sleeves  and  washers  for  the  flange  studs. 
Asbestos,  or  reinforced  plastics  are  commonly  used  for 
flange  gaskets.  Mylar  or  phenolic  materials  make  up  washers 
and  sleeves  which  isolate  flange  studs.  Washers  are  nor- 
mally 1/8"  thick;  sleeves,  1/32"  thick.  Typical  Insulated 
flanges  are  shown  in  Figure  5-4. 


Screwed  fittings  commonly  insulated  are  nipples,  unions, 
and  couplings.  These  are  used  on  threaded  pipe.  Typical 
examples  are  shown  in  Figures  5-5  and  5-6.  Although  insu- 
lated couplings  are  available  as  reducers,  usually  stand- 
ard couplings  supplemented  with  bushings  are  used  for 
Joining  pipe  with  different  size  threads. 

5.6.2. 3 Splice  Insulation.  Often  in  corrosion  con- 
trol buried  electrical  cables  require  splices ; these  may 
be  taps  at  anodes  in  cathodic  protection  systems  or  other 
underground  splices.  A typical  anode-to-header  cable 
splice  is  shown  in  Figure  5-7.  After  these  connections 
have  been  made,  they  must  be  well-insulated.  A field- 
molded  or  cast-epoxy  resin  coating  having  an  insulation 
value,  and  resistance  to  deterioration,  equal  to  or  better 
than  the  cable  insulation  is  available  in  kit  form. 

The  plastic  mold  body  is  placed  over  the  entire  connection. 
Epoxy  resin  is  activated  by  squeezing  and  kneading  the 
package  in  which  it  is  contained,  along  with  a catalyst, 
until  it  is  mixed  thoroughly.  When  the  color  is  uniform, 
the  resin  is  immediately  poured.  The  resin  hardens  in  a 
few  minutes  at  normal  ambient  temperatures.  These  insulated 
splice  kits  are  designed  to  be  water-tight  and  insulate  the 
splice  as  cable  insulation  does  the  cable. 

5. 6. 2. 4 Casing  Insulators  and  Seals.  Casings  are 
sometimes  required  at  road  crossings,  river  crossings  and 
other  areas  where  required  by  Federal,  State,  or  Local 
Codes,  or  actual  physical  conditions.  They  consist  or 
larger  diameter  pipes  enclosing  the  carrier  pipes.  Their 
use  is  discouraged  (paragraph  4.15.4).  However,  casing  in- 
sulators, cradles  and  end  seals  should  be  installed,  and  a 
plpe-to-casing  test  station  should  be  included  (paragraph 

5.8.1. 3). 

Casing  insulators  (spacers)  and  cradles  are  generally  plas- 
tic: high-density  polyethylene  or  a phenolic  material. 

They  electrically  isolate  the  carrier  pipe  from  the  metal- 
lic casing.  They  also  serve  to  absorb  some  of  the  shock 
from  the  road  traffic.  Sufficient  spacers  should  be  used 
to  support  the  carrier  pipe  load;  the  two  end  units  should 
be  located  not  more  than  one  foot  from  casing  ends,  shown 
in  Figure  5-8.  Centering  cradles  may  be  used  in  lieu  of 
two  spacers  located  at  casing  ends  if  necessary.  Cradles 
have  larger  runners  and  serve  to  center  carrier  pipe  at 
casing  ends  to  prevent  accidental  metal-to-metal  contact. 

A typical  casing  Insulator  installed  on  a pipe  is  shown  in 
Figure  5-9.  Casings  should  always  be  pumped  dry  and  swab- 
bed before  installing  carrier  pipe. 
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Figure  5-7 

EPOXY  INSULATED  ANODE-T O-HEADER  CABLE  SPLICE 


Flexible  molded  seals  should  be  Installed  on  ends  of  casing 
to  exclude  water,  soil  and  rubbish  from  entering  casing. 
Casing  ends  should  be  carefully  cleaned  on  the  exterior, 
and  two  coatings  of  bituminous  primer  should  be  applied  be- 
fore Installing  end  seals  to  assure  a watertight  joint. 

A typical  end  seal  Installed  on  a pipe  Is  shown  In  Figure 
5-10.  Various  end  seals,  insulating  spacers,  and  cradles 
appear  in  Figure  5-11. 

5.7  BONDING. 

5.7.1  Reasons  for  Bonding.  A bond  is  a metallic  connect- 
ion between  two  sections  of structure  or  two  different  struc- 
tures to  carry  electrical  current.  They  are  used  when  a 
voltage  exists  which  will  cause  current  flow  from  a metal 
surface  to  earth,  corroding  that  metal.  Bonds  are  installed 
as  current-carrying  bypasses,  and,  to  be  effective,  the  re- 
sistance through  them  must  be  less  than  the  parallel  struc- 
ture-to-structure  resistance. 

Bonds  are  commonly  installed  across  nonconducting  (mechani- 
cal) pipe  fittings,  between  structures  (pipes,  tanks,  buried 
cables,  building  structures,  and  so  on),  to  allow  cathodic 
protection  or  stray  currents  to  flow.  Sometimes  resistors 
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and/or  reverse  current  switches  are  Included  with  bonds. 
Bonding  often  connects  dissimilar  buried  metals  together. 
Unless  carefully  engineered  for  the  particular  condition, 
these  could  be  detrimental. 

Bonds  may  also  be  required  for  safety.  For  example;  where 
stray  or  cathodic  protection  current  flows  on  a buried  pipe 
line  containing  volatile  oil  or  gases,  a temporary  bond  is 
needed  during  repairs.  When  a section  of  pipe  Is  cut  out 
with  no  alternate  path  for  current  (such  as  an  adjoining 
pipeline),  sparking  can  occur.  Even  if  "mud-packing"  or 
other  methods  of  sealing  the  line  are  applied,  explosive 
fumes  may  still  be  present.  A temporary  bond,  welded  to 
the  pipe  before  cutting  into  it,  can  prevent  sparking  by 
providing  an  alternate  path  for  current  flow.  If  the  only 
voltage  difference  is  due  to  impressed  current  cathodic  pro 
tection,  another  means  of  preventing  sparking  is  turning 
off  the  rectifiers.  It  in  best  to  establish  safety  proced- 
ures for  repair  work  to  determine  what  precautions  are 
required . 


Temporary  bonds  may  also  be  needed  where  ship;-,  airplanes, 
or  tracks  arc  refueled.  Underground  refueling  systems  often 
receive  cathodic  protection.  Stray  currents  may  also  be  a 
problem.  A potential  difference  between  the  underground  re- 
fueling system  and  vehicle  or  plane  can  cause  sparking  and 
explosions.  Temporary  bonding  or  rectifier  turn-off  may  be 
needed.  Again,  the  necessity  of  safety  precautions  can  be 
established  by  measurements,  to  determine  voltage  differences, 

5.7.2  Method.  Bonds  between  underground  structures  con- 
sist of  insulated  copper  cables,  thermit-welded  or  brazed  to 
structures,  to  provide  paths  for  cathodic  protection  current 
to  pass  between  them.  They  must  be  installed  across  joints 
in  cast-iron  pipelines  for  electrical  continuity.  On  fire 
protection  lines,  valves  and  hydrants  must  also  be  bonded. 
Connections  are  to  be  thoroughly  coated  with  coal-tar  epoxy 
or  hot  coal-tar  enamel  and  pipeline  felt  so  no  bare  copper 
is  exposed  to  soil  or  moisture.  If  bonds  between  structures 
and  across  joints  are  not  installed  properly,  cathodic 
protection  current  can  damage  metal. 

Typical  bond  installation  for  various  joints  are  shown  in 
Figures  5-12  to  5-1^.  Floating  flange  and  Dresser  Coupling- 
type  joints  require  additional  connections  to  insure  electri- 
cal continuity  of  all  sections  of  the  joint. 

Interference  bonds  between  adjacent  structures  include  a 
shunt  for  current  measurement  and  resistor  of  value  calcu- 
lated to  drain  just  enough  current  to  eliminate  stray  cur- 
rent corrosion.  The  resistor  and  shunt  are  enclosed  in  a 
test  box.  If  resistance  value  is  too  high,  some  corrosive 
current  may  still  leave  the  pipe.  If  resistance  Is  too  low 
and  one  line  Is  cathodically  protected,  protective  current 
will  be  wasted  on  the  foreign  line. 

Where  stray  current  can  reverse  direction,  as  In  a multiple- 
substation  electric  railway,  reverse  current  switches  may  be 
required.  Such  switches  prevent  serious  corrosion  where  re- 
versed current  discharges  to  ground.  Several  switch  types 
are  available.  The  diode  type  uses  a silicon  diode  with 
germanium  stack  to  Interrupt  reverse  current.  It  can,  how- 
ever, rectify  stray  current.  Also,  monitoring  a diode 
switch  requires  expensive  equipment.  A failed  switch  be- 
comes open  or  a solid  bond. 

Another  type  switch  employs  a polarized  relay.  The  relay  is 
self -actuated,  operating  on  the  current  flowing  through  it. 

In  order  to  eliminate  flow  of  large  currents  through  the 
relay,  a current  conductor  may  be  added  with  set  voltage 
limits  to  open  and  close  it.  This  type  switch  Is  difficult 
to  adjust  in  the  field  and  requires  constant  maintenance. 
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5.8  TEST  STATIONS.  Test  stations  are  used  at  points 
where  the  structure  or  soil  is  otherwise  inaccessible  for 
testing  (underground  or  underwater).  They  consist  of  wires 
attached  to  the  structure  and  led  to  a convenient  point  so 
that  various  electrical  measurements  can  be  taken  after  in- 
stallation. A soil  test  station  (test  access  hole),  which 
contains  no  wires,  is  a means  of  contacting  soil  through 
concrete  or  asphalt  for  measuring  structure-to-soil  poten- 
tials. 

Test  leads  connected  permanently  to  a burled  structure  have 
these  advantages: 

1.  Time  saved  in  locating  line  and  making  connec- 
tions. 

2.  Good  connections  to  pipe  assured  with  a minimum 
of  effort. 

3.  Readings  easily  repeated  at  the  same  location  for 
comparative  purposes. 

4.  Not  necessary  to  break  coating  when  making  elec- 
trical contact. 
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Use  Two  Welds  (or)  Modify  1 
Welder  for  Straight  Through 
Run  of  Wire 


Figure  5-14 

DRESSER  COUPLING  BOND 
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5.  Where  a post  is  used  to  hold  a terminal  box  for 
leads,  it  can  also  be  used  as  a marker. 

Structure  test  statiors  consisting  of  two  or  more  lead  wires 
can  be  installed  on  newly-constructed  lines  and  older  ones 
being  placed  under  cathodic  protection  or  subject  to  stray 
currents  from  direct  current  machinery  or  cathodic  protection 
applied  to  foreign  structures.  The  following  considerations 
can  determine  the  location  of  test  installations: 

1.  Critical  points  to  test  effectiveness  of  applied 
cathodic  protection.  (Usually  determined  by  initial  surveys.) 

2.  Points  where  an  exchange  of  current  has  been 
noted,  or  is  likely  to  be  experienced.  (Foreign  line  cross- 
ings, etc.) 

3.  Points  conveniently  spaced  for  the  purpose  of  de- 
tecting changes.  (Spacing  depends  upon  type  of  protection 
employed,  number  of  protection  units  used  per  length  of  line, 
condition  of  coating,  and  density  of  population.) 


Specific  types  of  test  stations  arc  described  below.  Where 
test  leads  are  included,  solid  number  12  type  TV.'  wire  with 
R1IK-USE  or  I!' IV.' PL-  insulation  of  suitable  color  code  can  be 
used,  thermit  - welded  to  the  structure  and  the  weld 
coated.  Stranded  Mo.  12  wire  cannot  be  thermit’-  welded. 
Test  leads  are  run  from  the  structure  to  an  easily  acces- 
sible test  box  (Figure  5-15).  A grade-level  test  box 
(Figure  5-15a)  is  set  in  concrete  or  asphalt  to  prevent  set- 
tling. An  above-grade  test  box  (Figure  5-15b),  mounted  on 
a pole  or  building  wall,  is  threaded  into  galvanized  conduit 
through  which  the  leads  pass.  (Above-grade  test  boxes  are 
preferred.)  Inside  either  type  test  box,  cable  ends  may  be 
taped  to  prevent  contact,  or  connected  to  shunts  or  a term- 
inal board  (Figures  5-16  and  5-17).  Shunts  are  generally 
used  where  current  measurements  are  required;  a terminal 
board  is  for  easy  connection  where  a number  of  leads  are 
present. 

5.8.1  Types  of  Test  Stations. 

5. 8. 1.1  Test  Access  Hole.  A test  access  hole  (Figure 
5-18)  makes  soil  beneath  asphalt  or  concrete  accessible  for 
structure-to-soil  potential  measurements.  A piece  of  3-inch 
PVC  rigid  plastic  conduit  fitted  with  a 3-inch  threaded 
coupling  and  pipe  plug  can  be  used'.  The  top  of  each  test 
access  hole  assembly  Is  installed  at  the  final  elevation  of 
finished  pavement  In  that  area.  The  bottom  Is  cleaned  out 
and  kept  free  of  stones  and  debris. 
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Existing  Grade 


Set  Box  in  3"  Recessed  Pipe  Plug 

Concrete  Flush  with  Grade 


a)  GRADE  LEVEL  TEST  BOX 


Building  Wall  or  4Mx4M  Treated 
Cedar  Post  or  Equiv. 


Terminal  Box 
Galvanized  Conduit 

Galvanized  Conduit  Strap 
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Install  plastic  Bushings 
in  Ends  of  Conduit 
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Approx.  3* 


Grade 


Approx.  2 


b)  ABOVE-GRADE  TEST  BOX 
Figure  5-15 
TEST  BOXES 
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Test  Leads 


Bake  life  Insulating  Material 


Figure  5-17 

TYPICAL  TERMINAL  BOARD 
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Existing  Concrete 
or  Asphalt 


\3" 

\P" 


1 Recessed  Pipe 
ug  Flush  with  Grade 


3"  Rigid  IVC 
Plastic  Conduit- 


\ Soil  to  be  Cleaned  Out  to 
v-  \ Bottom  of  Test  Access  Hole. 


Use  Clean  Soil  - No  Stones 
or  Debris 


Figure  5-18 

CATHODIC  PROTECTION  TEST  ACCESS  HOLE 


5.8. 1.2  Permanent  Electrolyte-Contact.  Another  method 
of  obtaining  contact  to  soil  for  voltage  measurements  is  a 
permanent  electrolyte-contact  station.  Electrodes,  usually 
pure  zinc  in  packaged  backfill,  are  installed  underground 
at  key  points  near  the  structure.  Lead  wires  arc  terminated 
in  test  boxes  for  use  in  measuring  structure-to-soil  poten- 
tial. Zinc  electrodes  without  backfill  may  be  used  with 
submerged  structures.  Permanent  reference  electrodes  of 
the  same  material  as  the  structure  are  also  used.  Attempts 
to  develop  copper-copper  sulfate  electrodes  for  permanent 
installation  are  underway. 

Permanently-installed  electrodes  are  of  doubtful  value. 
Polarization  films  can  form,  and  values  of  electrode-to- 
earth  potentials  can  become  unstable.  In  general,  more 
accurate  potential  values  can  be  obtained  in  inaccessible 
areas  with  a test  access  hole  and  a standard  reference 
electrode . 
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5.8. 1.3  Insulation  Te 3 t Station.  Figure  5-19  Illus- 
trates test  leads  installed  at  an  insulated  flange.  Its 
effectiveness  can  be  best  determined  by  testing  and  inspec- 
tion during  and  after  installation.  Impressing  a voltage 
across  the  insulated  Joint  and  measuring  current  flow  or  re- 
sistance indicates  insulation  effectiveness.  A volt-ohm- 
milliammeter,  a ’’Megger",  or  a battery-powered  flange  tester 
may  be  used  for  this  test 

Resistance  should  be  infinite  when  the  insulating  fitting  is 
tested  before  connection  to  piping.  It  will  usually  be  much 
less  when  buried  piping  or  other  metal  is  connected  to 
either  or  both  sides.  Two  No.  12  test  wires  are  installed, 
one  on  each  side  of  the  flange.  To  facilitate  installation 
of  a future  bond,  if  required,  an  extra  set  of  heavier  wires 
(No.  4)  are  also  connected  across.  These  can  pass  through 
another  test  box  containing  the  resistor  and  an  ammeter  or 
the  same  box.  (Although  the  resistance  in  No.  12  wire  is 
negligible,  heavier  wire  offers  the  protection  of  added 
mechanical  strength. ) 

5.8. 1.4  Hydraulic  Cyllnder-to-Caslng  Test  Station . The 
sleeve  found  around  most  hydraulic  elevator^  cylinders  must 
be  tested  for  electrical  contact  to  the  cylinder  and  to  the 
building  structure.  This  is  important  so  that  proper  consid- 
eration can  be  given  to  using  it  as  an  anode  in  designing 
cathodic  protection.  This  testing  requires  installation  of 
test  wires  as  shown  In  Figure  5-20.  Two  No.  12  TW  test  wires 
are  required  on  each  structure  In  order  to  obtain  accurate 
resistance  measurements.  One  heavier.  No.  4 wire  per  struc- 
ture Is  required  in  case  cylinder  and  casing  become  shorted 
to  each  other.  These  two  wires  are  then  bonded  together  to 
insure  electrical  continuity  for  cathodic  protection  or 
stray  current  drainage. 


5. 8. 1.5  Plpe-to-Caslng  Test  Station.  As  discussed  In 
paragraph  4.15.4,  pipe-to-casing  resistance  affects  cathodic 
protection  efficiency.  Accurate  resistance  measurement 

requires  installation  of  two  test 
leads  on  each  structure,  as  shown  in  Figure  5-21.  This 
method  eliminates  the  effects  of  contact  resistance,  import- 
ant because  pipe-to-casing  resistance  may  be  only  a few 
tenths  of  an  ohm  on  bare  pipe  to  2 ohms,  or  better,  on 
coated  pipe.  Ohmmeters  or  circuits  employing  only  one  con- 
tact to  pipe  and  one  to  casing  should  not  be  used  since 
erroneous  readings  can  result. 

5.8. 1.6  Foreign  Line  Crossing  Test  Station.  A test 
station  located  where  a foreign  line  crosses  a protected 
line  is  shown  in  Figure  5-22.  The  lines  may  also  be  paral- 
lel. One  No.  12  test  lead  is  attached  to  each  line  (with 
permission  from  the  owner  of  the  foreign  line)  for  making 
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Terminate  Wires 
in  Test  Box 


No.  12  TW  Test 
Wire 


Thermit  Weld  Wires 
to  Pipe,  Loop  Around 
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Flange,  with  Dielectric  Insulation 


Thermit  Weld  and 
Coat  Connections 


Minimum  Inside 
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A 
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6"  or  8" 
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See 
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Note 
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- w V.1QUIU11C0  dot  ween  nange 

outside  diameter  and  inside  box  surface. 

Figure  5-19 

ENAMEL  BOX  AND  ESI  POINT  FOR  UNDERGROUND  INSULATING  FLANGE 
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No.  12  TW  Green  Insulation 


Terminate  Wires  in  Test  Box 


No.  12  TW  Test 


Thermit  Weld  Wires  As  Shown, 
/ Loop  Around  Structure. Coot 
^Connections 


Casing  Bushing 


Figure  5-21 

PIPE  CASING  TEST  STATION 


Casing- 


various  measurements  such  as  current  flow  and  direction, 
voltage  difference,  and  for  bond  calculations.  If  current 
flowing  on  one  structure  affects  the  other,  a bond  may  be 
required  to  drain  current  from  the  affected  structure  back 
to  the  originating  system.  The  heavier.  No.  4 wires,  one 
on  each  structure,  are  used  for  bonding. 


5.8. 1.7  Anode  Test  Station.  Galvanic  anode  test  sta- 
tions are  often  included  as  part  of  normal  Installation  to 
facilitate  reading  current,  structure-to-soil  potential, 
and  other  electrical  measurements.  A typical  one  for  a 
single  anode  (Figure  5-23)  consists  of  two  No.  12  TW  test 
wires  thermit-welded  to  the  structure,  one  of  which  is  sold- 
ered at  the  other  end  to  a copper  shorting  bar,  also  con- 
nected to  the  anode  lead  wire(s),  providing  a direct  connec- 
tion between  anode  and  structure  and  an  easy  means  of  meas- 
uring current.  The  free  ends  of  the  remaining  test  wire  is 
connected  to  a separate  terminal. 

This  type  test  station  is  normally  not  required  at  every 
anode  location  in  a distributed  bed.  Where  several  point 
beds  are  used,  however,  galvanic  anode  test  stations  are 
often  included  at  each  connection  to  structure.  Exact  place 
ment  depends  on  the  specific  installation. 
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A typical  test  station  for  a distributed  bed  of  galvanic 
anodes  on  gathering  wires  is  shown  in  Figure  5-24.  Shunts 
may  be  used  in  place  of  copper  shorting  bars  to  facilitate 
current  measurements. 

5. 8. 1.8  Two-Wire  Test  Station.  A typical  two-wire 
test  station  figure  $-25)  consists  of  two  No.  12  TW  test 
wires  thermit-welded  to  the  structure  at  a known  separation, 
commonly  three  diameters  on  pipe.  Free  ends  are  terminated 
in  a test  box  for  use  in  measuring  voltage  crop  and  deter- 
mining current  flow. 

5.8. 1.9  Three-Wire  Test  Station.  A three-wire  test 
station  (Figure  5-2t> ) consists  of  a standard  two-wire  test 
station  with  an  additional  heavier  test  lead,  often  a No. 4 
cable,  thermit-welded  to  the  structure.  Heavier  cable  is 
included  to  facilitate  future  bonding,  for  example,  where 
a future  installation  is  to  be  installed. 

5.8.1.10  ' IR  Drop  Calibration  Test  Station.  Figure  5-27 
shows  a standard  test  station  installation  ror  IR  Drop  cali- 
bration, as  can  be  applied  to  new  pipeline  construction  and 
also  older, existing  lines.  Through  use  of  two  posts  on  the 
latter,  expensive  trenching  is  eliminated.  Care  must  be 
taken,  however,  that  the  distance  "L"  is  not  greater  than 
the  length  of  test  leads  which  can  be  easily  handled  by  the 
field  man.  The  two  posts  can  be  located  one  each  In  the 
usual  fences  found  on  opposite  sides  of  roads  and  highways. 
Standard  color  coding  of  wires  eliminates  guess  work  when 
measuring  line  current  flow.  While  a typical  two-wire  test 
station  would  actually  be  sufficient  to  make  necessary  meas- 
urements, advantages  offered  by  the  four-wire  Installation, 
at  a slight  additional  cost,  are  as  follows: 

1.  The  red  and  green  leads  can  be  used  for  accurate  current 
measurements,  after  they  have  been  calibrated  by  applying 
current  to  the  black  and  white  ones,  to  arrive  at  an  ampere 
per  millivolt  factor  for  the  test  station,  (in  this  way 
weight  and  composition  of  structure  or  an  exact  measurement 
of  "L"  are  not  required  for  the  conversion  of  data  to 
amperes. ) 

2.  Simultaneous  readings  can  be  easily  obtained  at  each 
test  station,  through  use  of  two  or  three  recording  meters. 
Indicating  meters,  or  combinations.  (For  example,  it  might 
be  desirable  to  get  line  current  and  plpe-to-soil  reading 
at  the  same  time,  or  either  of  these,  or  both;  together 
with  a voltage  to  a foreign  structure.) 

3.  If  it  is  necessary  to  connect  the  pipeline  to  another 
plant,  one  lead  can  be  used,  leaving  the  rest  available  for 
test  purposes. 

4.  Continuity  of  each  test  lead  can  easily  be  checked  out 
and,  if  one  is  broken,  a drop  is  still  available  for  current 
measurements. 
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TEST  STATION  FOR  GALVANIC  ANODES  ON  GATHERING  WIRE 
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b)  NEW  INSTALLATION 

Figure  5-27 

TEST  STATIONS  FOR  MEASURING  IR  DROPS 
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The  distance  between  the  red  and  green  wires  designated  as  ; 

"L”  can  be  equal  in  feet  to  some  multiple  of  the  resistivity  j 

per  foot  of  pipe,  a distance  determined  by  physical  charact-  * 

eristics  of  the  pipeline  right-of-way,  or  a convenient 
length  chosen  for  purpose  of  standardization.  (For  example,  > 

a 100  feet  distance  could  be  used.)  ! 

5.9  CATHODIC  PROTECTION.  The  National  Association  of  * i 

Corrosion  Engineers  in  their  Standard  RP-Ol-69,  "Recommended  j 

Practice  (for)  Control  of  External  Corrosion  on  Underground  j 

or  Submerged  Metallic  Piping  Systems"  defines  cathodic  pro-  ’ j 

tection  as:  j 

"A  technique  to  prevent  the  corrosion  of  a metal  surface  3 

by  making  that  surface  the  cathode  of  an  electrochemical  ' ! 

cell."  j 

Cathodic  protection  does  not  really  eliminate  corrosion;  it  j 

controls  corrosion  by  keeping  it  entirely  confined  to  selec-  l 

ted  pieces  of  metal  which  are  replaced  periodically.  An  j 

artificial  corrosion  cell  is  formed  by  installing  replaceable 
anodes  which  corrode  causing  current  to  flow  from  them  ; 

through  the  electrolyte  onto  the  protected  metal,  which  thus 
becomes  the  cathode  of  this  corrosion  cell.  (Cathodic  pro- 
tection current  Is  superimposed  on  corrosion  currents.) 

Current  Is  either  supplied  to  cathodic  protection  anodes  by 
an  external  adjustable  D.C.  power  source  or  natural  voltage 
between  anode  material  and  protected  structure  material. 

Cathodic  protection  is  an  effective,  commonly  used  means  of  j 

mitigating  corrosion  of  buried  and  submerged  metal  structures.  j 

Some  criteria  for  determining  when  cathodic  j 

protection  is  needed  and  its  limitations  are  mentioned  here  f 

as  an  introduction. 

5.9.1  Criteria  for  Using  Cathodic  Protection.  As  with  \ 

other  corrosion  control  methods,  cathodic  protection  is 
applied  to  metal  structures  largely  because  it  would  be  im-  : 

practical  to  use  more  noble  metals  or  non-metals  and  because  j 

the  so-called  "perfect"  coating  does  not  exist.  * J 

Cathodic  protection  may  be  required  for  ec  nomics,  safety,  I 

or  continuity  of  operation.  Surveys  to  determine  the  need  j 

for  cathodic  protection  are  made  on  existing  structures  or 
estimated  prior  to  construction  of  new  facilities.  Exact 
current  requirements  can  never  be  determined  until  the  struc- 
ture has  been  built  and  in  contact  with  its  environment  for 
f 1 om  six  months  to  two  years.  Factors  considered  in  surveys  j 

follow  no  well-defined  rules,  but  guidelines  for  sound  engi- 
neering do  exist.  When  cathodic  protection  is  designed,  It 
Is  generally  most  economical  to  use  it  ’n  conjunction  with  1 
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other  means  of  control  as  coating,  bonding,  and  Insulation. 
This  is  especially  true  for  new  construction. 

5 . 9 • 1 . 1 Department  of  Transportation  Regulations.  The 
Department  of  Transportation  requires  in  its  Minimum  Federal 
Safety  Standard  (Title  49,  Chapter  1,  Section  192-  see 
Appendix  B. ) that  buried  or  submerged  pipelines  transport- 
ing natural  or  other  gas  must  have  a coating  and  cathodic 
protection  system 

"...  designed  to  protect  the  pipeline  in  its  entirety 
in  accordance  with  this  sub-part,  installed  and  placed 
in  operation  within  one  year  after  completion  of  con- 
struction. 

"(b)  An  operator  need  not  comply  with  paragraph  (a)  of 
this  section,  if  the  operator  can  demonstrate  by  tests, 
investigation,  or  experience  in  the  area  of  application, 

. including,  as  a minimum,  soil  resistivity  measurements 
and  tests  for  corrosion  accelerating  bacteria,  that  a 
corrosive  environment  does  not  exist.  However,  within 
6 months  after  an  installation  made  pursuant  to  the  pre- 
ceding sentence,  the  operator  shall  conduct  tests,  in- 
cluding pipe-to-soil  potential  measurements  with  respect 
to  either  a continuous  reference  electrode  or  an  elec- 
trode using  close  spacing,  not  to  exceed  20  feet,  and 
soil  resistivity  measurements  at  potential  profile  peaw 
locations,  to  adequately  evaluate  the  potential  profile 
along  the  entire  pipeline.  If  the  tests  made  indicate 
that  a corrosive  condition  exists,  the  pipeline  must  be 
cathodically  protected  in  accordance  with  paragraph 
fa)  (2)  of  this  section. 

"(c)  An  operator  need  not  comply  with  paragraph  (a)  of 
this  section,  if  the  operator  can  demonstrate  by  tests. 
Investigation,  or  experience  that  - 

"(1)  Bor  a copper  pipeline,  a corrosive  environment  does 
not  exist;  or 

"(2)  For  a temporary  pipeline  with  an  operating  period 
of  service  not  to  exceed  5 years  beyond  Installation, 
corrosion  during  the  5-year  period  of  service  of  the 
pipeline  will  not  be  detrimental  to  public  safety. 

"(d)  Notwithstanding  the  provisions  of  paragraph  (b)  or 
(c)  of  this  section,  if  a pipeline  Is  externally  coated, 
it  must  be  cathodically  protected  in  accordance  with 
paragraph  (a)  (2)  of  this  section. 

"(e)  Aluminum  may  not  be  installed  in  a buried  or  sub- 
merged pipeline  if  that  aluminum  is  exposed  to  an  en- 
vironment with  a natural  pH  in  excess  of  8,  unless  tests 
or  'experience  indicate  its  suitability  in  the  particular 
environment  involved." 
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Hence,  if  the  operator  cannot  prove  that  cathodic  protection 
is  not  required,  he  must  install  It.  A similar  requirement 
is  covered  in  reference  to  transportation  of  hazardous 
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liquids  by  pipeline  (Appendix  B.  ).  In  addition  to  Federal 
regulations,  all  states  either  have  or  are  preparing  similar 
codes,  some  more  stringent  than  the  Federal  ones.  In  these 
cases,  the  stricter  state  requirements  must  be  followed. 

5. 9. 1.2  National  Association  of  Corrosion  Engineers 
RP-01-69.  In  Standard  Rp-01-63,  the  National  Association  of 
Corrosion  Engineers  gives  guidelines  for  determining  the 
need  for  corrosion  control  of  buried  or  submerged  metallic 
structures. 

"3.2  The  decisions  governing  the  need  for  corrosion 
control  should  be  based  on  data  obtained  from  corrosion 
surveys,  operating  records,  prior  test  results  with  simi- 
lar systems  in  similar  environments,  and  on  a study  of 
design  specifications,  and  engineering,  operating,  and 
economic  requirements. 

"3.2.1  Environmental  and  physical  factors 

"3. 2. 1.1  Corrosion  rate  of  the  particular  metallic 
piping  system  in  a specific  environment... 

"3. 2. 1.2  The  nature  of  the  product  being  transported 
and  working  pressure  of  the  piping  system  as  related 
to  design  specifications. 

"3. 2. 1,3  Location  of  the  piping  system  as  related  to 
density  of  population  and  frequency  of  visits  by 
personnel. 

"3 .2. 1.4  Location  of  the  piping  system  as  related  to 
other  facilities. 

"3.2. 1.5  Stray  direct  current  sources  foreign  to  the 
system. . . 

"3.2.2  Economic  Factors 

"3.2.2. 1 Costs  of  maintaining  the  piping  system  in 
service  for  its  expected  life... 

"3. 2. 2. 2 Contingent  costs  of  corrosion... 

"3. 2. 2.3  Costs  of  corrosion  control..." 

5. 9. 1.3  General.  A typical  method  of  determining  if 
cathodic  protection  is  required  is  summarized  here. 

First,  a corrosion  survey  is  performed  at  the  site  to  deter- 
mine if  corrosion  control  (coating,  insulation,  cathodic  pro- 
tection, bonding,  etc.)  is  economically  warranted.  Field 
tests,  supplemented  by  laboratory  analysis,  are  made  of  soils 
and  waters  in  situ  and  of  pertinent  existing  structures. 
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Stray  current  is  investigated.  The  feasibility  and  cost  of 
alternate  types  of  cathodic  protection,  of  substitute  mater- 
ials instead  of  cathodic  protection,  of  coatings,  or  of  no 
protection  at  all  are  weighed.  On  new  construction,  the  sur- 
vey should  be  initiated  as  soon  as  possible  after  site  selec- 
tion. This  permits  time  for  anlaysis  of  recommendations, 
necessary  changes  in  design,  and  preparation  of  bidding  docu- 
ments . 


Interpreting  results  of  a corrosion  survey  is  often  compli- 
cated, as  many  factors  must  be  considered.  Generally,  the 
value  of  survey  results  depends  on  the  knowledge  of  the  engi- 
neer, because  experience  is  important  in  determining  a poten- 
tially corrosive  situation.  Some  guidelines  to  consider  in 
interpreting  a corrosion  survey  are  given  here.  None  of 
these  guides  are  foolproof  or  always  valid,  because  so  many 
factors  must  be  considered.  Such  things  as  galvanic  cells, 
stray  current,  debris  or  cinders  in  the  soil,  differential 
environment  cells,  stresses  on  the  metal  structure,  soil 
drainage  - all  these  (existing  and  projected  into  the  future) 
plus  others  (Section  3)  affect  a buried  or  submerged  struc- 
ture's corrosion  rate. 

a.  Soil  Resistivity.  A general  correlation  exists 
between  corrosivity  and  resistivity  of  soil  (paragraph 
3.2. 3.2).  This  was  summarized  in  Table  3-1,  repeated  here 
for  convenience. 

Table  3-1 


i 


Resistivity 

Resistivity  Range 

Classification  ohm- cm. 


Anticipated 

Corrosion 

Activity 


Low 

Medium 
High 

Very  High 

These  values  apply  to  individual  soil  resistivity  measure- 
ments used  as  an  indication  or  average  of  overall  soil 
resistivity. 

Another  method  of  analysis  requires  numerous  readings  at 
selected  locations  in  the  area  being  considered.  At  each 
location,  the  lowest  resistivity  value  Is  taken,  the  cumu- 
lative percent  frequency  is  calculated,  and  results  are 
plotted  on  extreme  value  probability  paper  (resistivity  vs. 
frequency).  Prom  this  graph,  the  probability  of  encounter- 
ing soil  of  resistivity  less  than  a predetermined  value 
(such  as  1000  ohm- centimeters ) can  be  found.  Soil  corrosiv- 
ity, based  solely  on  resistivity,  increases  as  the  probabil- 
ity of  encountering  this  value  increases. 


0 to  2,000 

2.000  to  10,000 

10.000  to  30,000 
Over  30,000 


Severe 

Moderate 

Mild 

Unlikely 
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Pit  depth  analysis  proceeds  In  a similar  manner,  with  the 
structure  excavated  and  pit  depth  measured  at  numerous  loca- 
tions. Values  of  the  deepest  pit  at  each  location  are  taken, 
the  cumulative  percent  frequency  is  calculated,  and  the  re- 
sults are  plotted  on  extreme  value  probability  paper  (oit  i 

depth  vs.  frequency).  The  probable  extent  of  corrosion  of 
the  entire  structure  can  be  predicted  from  this  graph. 

Soil  resistivity  probability  and  extent  of  corrosion  are 
then  correlated  and  used  to  estimate  future  corrosion  prob- 
lems. The  results  are  used  to  determine  which  solution  is 
better:  corrosion  control  or  eventual  structure  replacement. 

It  is  emphasized  that,  while  soil  resistivity  data  determined 
from  either  method  can  often  indicate  a corrosive  situation, 
many  other  factors  must  be  considered. 

b.  Chemical  Analysis.  Chemical  analysis  is  helpful 
in  evaluating  environmental  corrosivity.  Ferrous  metals, 
for  example,  tend  to  depolarize  in  acid  soils,  and  measure- 
ment of  soil  pH  could,  therefore,  help  to  determine  corros- 
ivity. Sulfate  content  is  another  indicator.  Sulfates  are 
often  found  in  soil  where  anaerobic  bacteria  are  present 
and  bacteriological  corrosion  could  be  anticipated.  Gener- 
ally, however,  chemical  analysis  of  soil  is  of  limited  value 
because  of  the  wide  variations  in  composition  that  can  exist 
within  a very  small  volume,  changes  that  time  can  produce. 

c.  Voltage  Measurements. 

(l)  General.  Four  basic  voltage  measurements,  used 
to  determine  whether  or  not  a metal  is  corroding  (the  need 
for  cathodic  protection),  are  shown  in  Figure  5-28.  These 
are: 

a.  Structure-to-electrolyte  voltage 

b.  Voltage  drop  along  structure 

c.  Structure-to-structure  voltage 

d.  Voltage  drop  through  soil. 

These  and  other  field  tests  are  described  in  paragraph  6.1.2. 

Interpretation  of  these  readings  will  indicate  where,  when 
and  to  what  extent  corrosion  is  occurring.  Among  other 
factors,  location  of  the  contact  to  electrolyte  is  crucial 
for  accuracy.  Soil  resistance  can  affect  voltage  readings, 
although  the  greatest  resistance  is  at  the  structure-to- 
electrolyte  interface.  The  farther  from  the  structure  the 
half-cell  is  placed,  the  more  IR  drop  through  the  electro- 
lyte is  included.  Also,  the  farther  the  half-cell,  the  more 
structure  surface  explored  in  measurements. 

Analysis  of  voltage  readings  can  differentiate  galvanic- 
electrochemical  corrosion  from  stray  current  corrosion. 

Profiles  of  measurements  taken  at  various  points  along  a 
structure  are  often  helpful  in  this  respect.  Structure-to- 
electrolyte  voltages,  plotted  as  a profile  along  the 
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c)  STRUCT  URE-TO-STRUCTURE 
VOLTAGE 


d)  VOLTAGE  DROP  THROUGH 
SOIL 


Figure  5-28 

VARIOUS  VOLTAGE  MEASUREMENTS 
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structure,  can  indicate  areas  of  current  pickup  and  dis- 
charge. Current  flow  profiles  are  determined  from  voltage 
drops  along  the  structure  taken  simultaneously  at  adjacent 
test  points  and  plotted  as  X-Y  coordinates.  Profiles  of 
simultaneous  current  and  structure-to-electrolyte  voltage  at 
the  same  point  help  to  determine  areas  of  pickup  and  dis- 
charge. In  combination,  an  effective  analysis  of  structure 
can  be  obtained. 

It  is  important  to  recognize  that  galvanic-electrochemical 
cells  and  stray  currents  can  both  be  found  together  on  a 
structure.  An  effective  analysis  will  indicate  which  type(s) 
are  producing  corrosion. 

(2)  Galvanic  and  Electrochemical  Corrosion.  In  gal- 
vanic and  electrochemical  cells,  as  metal  becomes  more  posi- 
tive (electrically)  to  its  electrolyte,  it  becomes  more  cath- 
odic. Structure-to-electrolyte  potentials  relative  to  a 
copper-copper  sulfate  (generally  used)  or  ether  reference 
electrode  in  contact  with  electrolyte  for  an  existing  struc- 
ture will,  therefore,  indicate  corrosivity:  They  tell 

whether  current  is  leaving  or  entering  the  structure.  A 
single  measurement  is  not  conclusive  since  evaluation  is 
based  on  a comparison  of  several  readings. 

Where  no  structure  exists,  structure-to-electrolyte  potentials 
can  be  taken  relative  to  a piece  of  metal  partially  buried  in 
the  ground . A piece  of  pipe  or  similar  object  might  be  used. 

Table  5-12  gives  anticipated  corrosivity  of  ferrous  metals 
for  structure-to-soil  potentials  measured  relative  to  a cop- 
per copper  sulfate  half -cell.  It  is  important  to  recall  that 
structure-to-soil  potential^  alone  do  not  necessarily  give  a 
true  indication  of  corrosivity. 

Measurement  of  voltage  along  a structure  can  indicate  if  cur- 
rent is  flowing  there.  Prom  knowledge  of  the  resistance  of 
structure  metal  or  an  actual  predetermined  ampere  per  volt 
factor  between  two  reference  points,  current  flow  can  be 
computed.  These  measurements  reveal  average  current  flowing 
over  the  section  tested.  Small  areas  cf  pickup  or  discharge 
between  test  lead  connections  will  not  be  detected. 

Table  5-12 


Volts  (Negative),  Ferrous 
Metal  Relative  to  a Copper- 
Copper  Sulfate  Half-Cell 


Anticipated 

Corrosion 

Activity 


0.15  or  below 
0.15  to  0.45 
0.45  to  0.55 
Over  0.55 


Unlikely 

Mild 

Moderate 

Severe 


I 

I 


222 


The  combination  of  structure-to-electrolyte  voltages  and 
voltage  drops  along  the  structure  can  help  pinpoint  galvanic 
or  electrochemical  cells.  In  addition,  voltage  can  be  meas- 
ured between  two  electrically  insulated  sections  of  struc- 
ture, or  between  two  structures.  This  indicates  whether 
current  is  flowing  between  two  locations  and  direction  of 
flow . 

The  fourth  measurement,  voltage  drop  through  the  electro- 
lyte, can  be  used  to  estimate  the  tendency  for  current  to 
flow  through  the  earth.  This  is  merely  an  indication  and  in 
itself  is  not  conclusive. 

(3)  Stray  Current  Corrosion.  Stray  current  corros- 
ion is  revealed  by  the  same  measurements  as  galvanic  or 
electrochemical  corrosion.  Interpretation  of  structure-to- 
soil  voltages,  however,  is  different.  Instead  of  measuring 
a natural  potential  difference  as  in  a galvanic  or  electro- 
chemical cell,  structure-to-electrolyte  voltage  measures  IR 
drop  through  the  stray  current  circuit.  As  a result,  stray 
current  discharge  depresses  voltage,  producing  a les3  nega- 
tive (and  occasionally  positive)  result. 

Fluctuating  stray  current  measurement  may  require  using 
special  recorders  which  indicate  values  continuously.  Anal- 
ysis of  this  type  corrosion  includes  time  as  a variable. 

To  get  some  idea  as  to  whether  or  not  stray  current  might  be 
a problem  prior  to  construction,  "rosette"  patterns 

are  made  by  measuring  the  potential  between 
a stationary  copper-copper  sulfate  half-cell  and  a movable 
copper-copper  sulfate  half-cell  on  a 50-foot  radius  circle. 
Measurements  are  taken  at  the  eight  major  points  of  the  com- 
pass. Resulting  patterns  and  magnitude  of  readings  indicate 
whether  stray  current,  either  fluctuating  or  steady,  is 
likely  to  be  present. 

5.9.2  Limitations.  Although  cathodic  protection  Is  one 
of  the  most  effective  ways  to  control  corrosion,  the  follow- 
ing limitations  must  be  considered  In  design  and  operation: 

1.  Interference 

2 . Shielding 

3.  Amphoterics 

4.  Hydrogen  embrittlement 

5.  Disbonding  of  coatings 

6.  Maintenance  capabilities 

7.  Difficulties  with  auto-potential  systems 

8.  Pre -engineered  inadequacies 

9.  Economics 

5. 9.2.1  Interference.  Neighboring  structures  sometimes 
experience  excessive  or  objectionable  interference  from  cath- 
odic protection  systems.  This  can  be  determined  only  by 
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application  of  test  current  (simulated  cathodic  protection) 
to  structures  to  be  protected.  Bonds  to  foreign  structures 
can  mitigate  many  interference  problems,  but  sometimes  geo- 
metry, physical  layout,  or  intercompany  friction  prevent 
this.  If  a buried  or  submerged  pipe  contains  unbonded  mech- 
anical Joints,  for  example,  cathodic  protection  of  a nearby 
structure  could  corrode  the  pipe;  a bond  between  structures 
would  not  eliminate  this.  Structures  in  the  area  should  be 
considered  during  design,  and  their  owners  contacted.  When 
objectionable  Interference  occurs,  cathodic  protection  can- 
not be  used. 

5. 9. 2. 2 Shielding.  A metal  receiving  cathodic  protec- 
tion must  be  in  contact  with  an  electrolyte  (most  commonly 
soil  or  water)  for  protective  current  to  flow  to  its  sur- 
face. This  means  that  parts  of  a structure  in  air  will  not 
be  protected.  Internal  structural  surfaces  will  not  be  pro- 
tected by  cathodic  protection  current  applied  to  outside  sur- 
faces (as  with  a pipeline  inside  a "shorted''  casing).  Also, 
when  several  structures  to  be  protected  are  grouped  closely 
together,  relatively  little  current  may  flow  to  inner  struc- 
tures. This  is  called  "shielding". 

In  Figure  5-29,  for  example,  an  impressed  current  system 
supplies  three  underground  tanks  with  protective  current. 

The  center  tank,  shielded  by  the  outer  two,  receives  insuf- 
ficient current  for  cathodic  protection.  Most  of  the  cur- 
rent is  intercepted  by  the  two  outer  tanks.  A different 
system,  perhaps  spacing  anodes  between  tanks,  is  required 
for  full  protection. 


5. 9* 2. 3 Araphoterlcs.  Because  excessive  cathodic  pro- 
tection voltages  produce  alkaline  conditions  at  the  protect- 
ed metal  surface,  special  care  must  be  taken  when  protecting 
amphoteric  metals.  Aluminum  and  lead,  each  amphoteric,  may 
suffer  corrosion  from  alkaline  material  built  up  on  their 
surfaces.  For  these  metals,  no  voltage  in  excess  of  approx- 
imately 1.20  volts  negative  (relative  to  a copper-copper 
sulfate  reference  electrode)  should  be  used.  Correction  of 
stray  current  conditions  by  bonding  and  cathodic  protection 
systems  must  be  carefully  done  where  lead  and  aluminum  are 
involved. 

Corrosion  of  lead  by  cathodic  reaction  products  can  be  con- 
trolled as  long  as  protective  current  is  held  constant.  If 
current  Is  reduced  or  interrupted,  alkaline  material  attacks 
lead.  Since  changes  or  Interruptions  in  protective  current 
are  sometimes  required,  it  is  safest  to  keep  all  amphoteric 
metals  in  the  voltage  range  below  1.20  volts. 
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5.9*2. 4 Hydrogen  Embrl tt lenient . Some  failures  have 
been  reported  from  hydrogen  embrittlement  of  cathodically- 
protected  structures.  In  order  for  this  to  occur,  extreme- 
ly high  currents  would  be  required  for  normally  used  steels. 
Table  5-13  gives  accepted  safe  limits  for  ferrous-structure - 
to-electrolyte  potentials  in  terms  of  electrolyte  resistivi- 
ties. 

Table  5-13  (Reference  16  ) 

Safe  Limit  of  Structure-to-Electrolyte  Potentials 


Structure-to-Electrolyte 
Potential  (E) 


Electrolyte  Resistivity 

(volts,  negative 

(ohm-cm. ) 

relative  to  CU-CUSO4) 

2000 

1.8 

3000 

2.0 

5000 

2.2 

10,000 

2.6 

15,000 

2.8 

20,000 

3.0 

30,000 

3.35 

40,000 

3.6 

Atomic 

hydrogen  is  frequently  produced  on  metal  surfaces 

cathodically  protected.  This  is  part  of  a normal  cathode 
reaction,  hydrogen  evolution.  Most  hydrogen  atoms  combine, 
forming  a polarization  film  of  molecular  hydrogen.  Some 
atoms,  however,  are  absorbed  by  the  metal. 

These  atoms,  at  ambient  temperatures,  gather  at  lattice 
defects  - voids  or  larger  inclusions.  There,  pressure 
builds  and  in  some  cases  eventual  brittle  failure  occurs. 
Transgranular  or  Intergranular  cracking  is  possible. 

Hydrogen  embrittlement  is  common  in  steel,  but  only  where 
high  currents  exist.  Alloying  can  increase  resistance  to 
this  type  failure;  it  is  generally  not  observed  in  low- 
alloy  steels  with  tensile  strengths  below  60,000  psi. 

5. 9.2. 5 Disbonding  of  Coatings.  Another  possible 
problem  caused  by  hydrogen  is  disbonding  of  thin  coatings. 
If  excessive  cathodic  protection  is  applied  to  a structure, 
hydrogen  may  not  merely  form  a polarization  film.  Hydrogen 
gas  might  bubble  off  creating  great  pressure  at  the  edges 
of  coating  defects.  Separation  of  coating  from  metal  sur- 
face can  result,  producing  Increasing  areas  of  bare  metal 
as  the  coating  disbonds. 

Hydrogen  gas  will  evolve  only  above  the  hydrogen  over-volt- 
age potential,  a value  which  varies  depending  on  metal  and 
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environment  conditions.  For  steel  it  is  normally  about  1.2 
volts  negative  relative  to  a copper-copper  sulfate  electrode. 
With  paints  in  water  tanks  and  some  other  thin  coatings, 
care  should  be  taken  to  keep  cathodic  protection  systems  ad- 
justed so  that  the  structure  potential  is  within  a safe 
range.  With  the  thicker  coatings  normally  encountered  under- 
ground, disbonding  may  occur  only  with  poor  quality  coatings 
or  under  very  severe  soil  (water)  conditions. 

5. 9. 2. 6 Maintenance  Conditions.  A cathodic  protection 
system  maintenance  program  is  necessary  to  hold  electrical 
quantities  to  values  specified  by  the  original  design. 

At  the  same  time,  it  can  ensure  the  most  econom- 
ical use  of  current.  Cathodic  protection  - like  any  other 
electrical  system  - cannot  and  will  not  operate  continuously 
without  maintenance. 

An  effective  maintenance  program  costs  money,  although  in 
general  it  is  cheaper  than  possible  system  changes. 

When  the  amount  of  current  reaching  metal  surfaces  under 
cathodic  protection  changes  to  a value  too  low  to  do  the 
job,  the  polarization  film  may  deteriorate.  Then,  a complex 
network  of  interconnected  structures  can  become  unbalanced, 
and  corrosion  failures  may  occur.  And,  the  failure  may 
occur  in  the  structure  which  is  intended  to  be  protected, 
as  well  as  in  other  bonded  structures. 

The  density  of  current  reaching  metallic  surfaces  may  be  re- 
duced by  failure  of  the  current  source:  rectifier  of  gal- 

vanic anodes . 

Current  may  fail  because:  the  anodes  will  eventually  deter- 

iorate; connections  to  anodes  and/or  between  cables  and 
wires  sometimes  fail;  cables  break  at  submerged  or  buried 
locations  due  to  imperfections  or  damage  to  insulation;  the 
rectifier  unit  may  become  inoperative  or  lose  its  source  of 
supply. 

Even  when  the  D.C.  current  output  from  the  source  remains 
constant,  other  changes  in  the  system  may  greatly  reduce 
current  density  at  metal  surfaces  under  cathodic  protection. 

Among  these  changes:  coatings  may  deteriorate  or  become 

damaged;  foreign  structures  (not  intended  to  be  receiving 
cathodic  protection)  may  come  into  electrical  contact  with 
the  one  under  cathodic  protection  because  of  a physical  con- 
tact due  to  careless  construction  or  maintenance  practices; 
an  insulating  joint  might  fail;  or  test  leads  may  accident- 
ally touch. 
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Conversely,  a structure  under  cathodic  protection  may  be 
overprotected  even  though  the  toal  D.C.  protective  current 
being  supplied  is  still  of  its  initial  magnitude.  This  con- 
dition means  that  electric  power  is  being  used  inefficiently, 
and  is  certainly  most  critical  when  large  quantities  of  cur- 
rent are  employed.  Also,  hydrogen  embrittlement  or  coating 
disbonding  could  possibly  result. 

If  new  construction  places  foreign  structures  in  the  field 
of  cathodic  protection  units,  current  exchange  to  these  will 
cause  additional  drainage  of  protective  current.  Then,  cur- 
rent intended  for  protection  may  actually  protect  the  new 
structures.  In  extreme  cases,  more  current  may  go  to  the 
foreign  structure  than  to  the  one  intended  to  be  protected. 

Therefore,  to  avoid  adverse  effects  to  protected  or  adjacent 
structures  from  system  changes,  an  adequate  maintenance  pro- 
gram, set  up  by  knowledgeable  corrosion  engineers,  is  essen- 
tial. This  must  be  considered  a basic  part  of  cathodic  pro- 
tection costs. 

Also  important  is  proper  placement  of  system  components 
(rectifiers,  test  stations,  test  access  holes,  and  others) 
for  ease  of  access.  If  structure  orientation  is  such  that 
cathodic  protection  system  components  are  inaccessible, 
routine  maintenance  checks  may  be  difficult  or  impossible. 
Cathodic  protection  may  then  become  ineffective  or  even 
harmful.  Improper  locations  may  also  Interfere  with  base 
operations,  if  access  requires  temporary  shutdown  of  a por- 
tion of  the  facilities. 

5. 9. 2. 7 Auto-Potential  Systems.  Auto-potential  (auto- 
matic potential  controlled)  cathodic  protection  systems 
automatically  vary  rectifier  current  output  to  maintain  a 
preset  potential  difference  between  the  protected  structure 
and  a burled  reference  electrode. 

Its  effectiveness 

is  limited  by  the  sensing  circuitry  because  potential  Is 
held  constant  only  at  the  point  where  the  reference  elec- 
trode is  placed.  Since  it  is  very  likely  that  different 
conditions  exist  at  other  points  on  the  structure,  current 
supplied  to  maintain  sufficient  protection  at  the  reference 
point  may  not  adequately  protect,  or  may  overprotect,  the 
remainder.  Cinders  and  other  debris  in  the  soil,  different 
types  of  soil,  differential  aeration,  sulfate-reducing  bac- 
teria, coating  holidays,  and  deterioration  variations  In  the 
metal  surface:  these  and  other  conditions  can  vary  current 

requirements  along  a pipeline  or  other  structure.  As  a re- 
sult, the  structure  may  experience  coating  disbonding  from 
overprotection.  It  may  fail  from  little  or  no  protection. 
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Although  suggested  maintenance  for  these  systems  Is  low, 
auto-potentlal  systems  actually  require  annual  Inspections 
to  avoid  the  problems  discussed  above.  A high  initial  cost 
plus  maintenance  cost  often  makes  auto-potential  systems 
prohibitively  expensive,  compared  to  other  means  of  corros- 
ion control. 

5. 9. 2. 8 Pre -Engineered  Cathodic  Protection . Pre- 
engineered cathodic  protection  is  used  to  minimize  corrosion 
prevention  costs.  This  is  done  because  the  value  of  facili- 
ties to  be  protected  does  not  warrant  much  expenditure  and/ 
or  for  maximum  competitive  position.  One  application  of 
these  galvanic  anode  or  impressed  current  systems  is  for 
buried,  coated  steel  storage  tanks.  The  effectiveness  of 
pre-engineered  cathodic  protection  generally  depends  on  tank 
size  and  coating  quality  for  a given  number  and  configura- 
tion of  anodes. 

Pre-engineered  protection  is  not  effective  in  all  installa- 
tions. Being  standardized,  it  is  designed  for  adequate  pro- 
tection within  certain  environmental  limits.  Conditions  out- 
side these  limits  will  generally  prevent  adequate  protection. 
Further  reduction  in  percent  of  installations  receiving  ade- 
quate protection  can  be  expected  from  damage  during  installa- 
tion, careless  construction  practices  and  changing  conditions 
after  installation.  Post-installation  evaluations  are  the 
only  way  to  detect  inadequately-protected  structures. 

Two  standardization  concepts  are  used.  These  are  l)  a sing- 
le design  for  all  conditions  and  2)  selection  from  multiple 
designs  for  varying  soil  conditions.  The  multiple  selec- 
tion design  is  based  on  limited  testing  of  soil  samples. 

Some  unusual  conditions  which  require  special  treatment  or 
on  site  investigation  can  also  be  detected.  The  single  de- 
sign will  be  less  effective  than  the  multiple  selection 
(based  on  limited  soil  testing)  design. 

Some  conditions  which  can  reduce  or  render  ineffective  pre- 
engineered cathodic  protection  are: 

1 . Stray  current 

2.  Very  low  soil  resistivity 

This  will  cause  rapid  anode  dissipation  and  early  loss  of 
cathodic  protection.  Varying  water  tables  can  change  resis- 
tivity after  installation. 

3.  Varying  soil  resistivity 

High-resistivity  soil  around  anode  with  low-resistivity 
areas  around  parts  of  the  tank  may  prevent  sufficient  cur- 
rent flow  for  adequate  protection. 

4.  Very  acid  soil 

5.  Shielding 

The  structure  can  be  shielded  from  protective  current  by 
configuration  or  foreign  structures. 
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6.  Excessive  coating  damage 

7.  Ineffective  dielectric  insulation 
Defective  insulator  or  short-circuiting  by  contact  with 
another  metallic  structure. 

8.  Damaged  or  broken  anode  lead  wires 

9.  Damage  to  anode  package 

This  may  allow  loss  of  special  backfill  for  anode. 

10.  High-resistance  structure-to-anode  connection 

11.  Poor  insulation  on  structure-to-anode  connection 

12.  Damage  to  any  of  the  components  during  backfilling 
These  conditions,  singly  or  in  combination,  can  prevent 
adequate  cathodic  protection. 

Two  types  of  predesigned  system  are  available:  impressed 

current  or  galvanic  anodes.  Pre-engineered  impressed  cur- 
rent systems  usually  rely  on  current  rather  than  voltage 
control.  A resistor  is  connected  in  series  between  the 
power  source  and  each  anode.  This  resistor  is  large  enough 
to  make  the  anode  to  ground  resistance  an  insignificant  per- 
centage of  total  circuit  resistance,  a^d  so  is  the  control- 
ling factor  in  current  output.  Typical  is  a 1,000  ohm 
resistor  and  a 110  volt  power  source  to  allow  approximately 
100  milliamperes  from  each  anode. 

Current  controlled  pre-engineered  systems  have  a distinct 
advantage  over  voltage  controlled  (galvanic)  systems.  They 
function  independently  of  soil  resistivity.  Soil  resistiv- 
ity is  the  major  controlling  factor  in  current  output  of  gal- 
vanic anodes.  Impressed  current  systems,  however,  are  usu- 
ally considerably  more  expensive  than  galvanic  anodes  and 
require  more  maintenance. 

Half-wave  rectification  is  commonly  used  in  pre-engineered, 
self-regulating  impressed  current  systems.  This  results  in 

• unbalanced  A.C.  on  all  grounds  and  interconnected  utilities 
and  can  cause  noise  interference  on  buried  communications 
cables.  Impressed  current  systems  are  more  likely  to  cause 
stray  current  problems  than  are  galvanic  anodes.  Half-wave, 
current  controlled  rectifiers  without  isolating  trans- 
formers are  particularly  bad  in  this  respect. 

Galvanic  anode  cathodic  protection  relies  on  a voltage 
(potential)  difference  between  the  anode  and  the  structure 
to  be  protected.  The  controlling  factor  In  cathodic  pro- 
tection current  output  is  resistance  of  the  anode  to  earth, 
which  is,  in  turn,  dependent  on  the  soil  resistivity.  The 
J resistance  to  earth  of  the  protected  sti*ucture  is  usually 

I not  significant,  particularly  for  larger  structures,  when 

- compared  to  the  resistance  of  the  rest  of  the  circuit.  If 

\ environment  or  mechanical  conditions  require  high-current 

| output  for  adequate  cathodic  protection,  limited  driving 

• potential  of  galvanic  anodes  may  not  be  sufficient  to  pro- 

; vide  the  needed  current. 
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Pre-engineered  systems,  then,  have  limited  applicability.  j 

If  the  structures  to  be  protected  are  relatively  small  or  i 

inexpensive  (i.e.  shoi c lengths  of  buried  pipe  or  small  bur-  ! 

ied  tanks),  current  requirement  tests  may  not  be  economic- 
ally feasible.  Soil  tests  should  be  conducted  to  evaluate 
the  need  for  cathodic  protection.  If  it  is  decided  to  use 
pre-engineered  cathodic  protection,  initial  savings  must  be 
balanced  against  expected  replacement  costs  and  safety  haz- 
ard caused  by  partlally-ef fective  cathodic  protection. 

5. 9.2. 9 Economics . Where  safety,  success  of  the  mis- 
sion, and  shutdown  time  required  for  structure  replacement 
or  repairs  are  not  of  concern,  simple  economics  may  dictate 
whether  or  not  cathodic  protection  should  be  used.  In  gen- 
eral, the  least  expensive,  easiest  to  maintain  and  most 
practical  system  is  to  apply  a good  quality  coating  to  a 
new  structure  and  then  to  use  cathodic  protection  to  elimin- 
ate corrosion  at  the  inevitable  breaks  In  the  coating.  This 
method  requires  much  less  current  than  cathodic  protection 
alone.  An  economic  comparison  of  several  methods  of  corros- 
ion control  is  found  in  paragraph  2.5;  this  applies  to  econ- 
omics and  cathodic  protection.  Figure  2-3  compares  costs  of 
several  types  of  cathodic  protection. 

5.10  ANODIC  PROTECTION.  Anodic  protection  is  a very  lim- 
ited and  relatively  new  means  of  corrosion  control.  It  has 
found  application  only  within  the  last  ten  years  or  so.  It 
is  mainly  used  to  protect  steel  or  stainless  steel  In  sulfur- 
ic acid.  Anodic  protection  can  be  applied  only  to  metals 
exhibiting  active-passive  behavior.  The  protected  metal  is 
kept  passive  (paragraph  3.8)  by  application  of  an  anodic 
current.  The  level  of  current  required  is  maintained  by  a 
potentiostat . A typical  exampile  of  anodic  protection  of  a 
storage  tank  is  shown  in  Figure  5-30.  The  structure  Is 
anodic  to  the  auxiliary  electrode  (usually  platinum  or  plat- 
inized metal).  A reference  electrode,  such  as  standard 
silver-sil/t  chloride,  and  potentiostat  control  the  anodic 
current  level.  Control  of  corrosion  - not  elimination  - is 
achieved  because  the  rate  of  corrosion  for  a passive  metal 
is  far  lower  than  for  the  active  metal. 


5.10.1  Advantages ..  Advantages  of  anodic  protection  as  a 
means  of  corrosion  control  are: 

Generally  easy  to  predict  effectiveness  and  to 

design; 


Good  throwing  power;  can  protect  complex  struc- 
tures with  few  electrodes,  if  properly  placed; 

Low  operating  costs,  with  little  current  required 
even  in  severe  corrosives; 

Effective  in  3trong  corrosives,  such  as  sulfuric 

acid; 


Easily  monitored;  adequate  protection  determined 
from  amount  of  protective  current; 


I 
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Often  possible  to  apply  current  intermittently. 

This  facilitates  protecting  several  structures  with  the  same 
power  source. 

5.10.2  Limitations.  Application  of  anodic  protection  is 
limited  for  several  reasons:  1 

Malfunctions  can  cause  increased  corrosion  of  \ 

metal  to  be  protected; 

High  installation  and  initial  operating  costs;  j 

Applicable  only  to  active-passive  metals  such  as  1 

iron,  steel,  and  aluminum  in  passivating  electrolytes; 

Requires  power  source; 

Limited  in-service  experience  records;  j 

More  complicated  circuitry  and  expensive  equipment 
required . : 

5.11  ELECTRICAL  GROUNDING. 

5.11.1  What  Grounding  is.  Electrical  grounding  is  de-  j 

signed  to  provide  a low-resistance  path  to  ground  for  fault 

currents.  This  limits  potentials  to  values  safe  to  person- 
nel. Grounding  electrodes  must  be  corrosion-resistant  and  ; 

good  electrical  conductors.  Above  all,  they  must  provide 
sufficient  area  in  contact  with  soil  so  that  the  current 

resistance  path  will  be  within  allowable  limits  for  the  par-  1 

ticular  application.  Grounding  methods  described  herein  do  l 

not  apply  to  hydroelectric  generating  plants,  substations,  j 

switching  stations,  and  other  similar  installations. 

5.11.2  Grounding  and  Corrosion.  Most  grounding  systems 
are  constructed  of  copper.  Copper  is  a good  conductor,  cor- 
rosion-resistant in  many  soils,  and  relatively  inexpensive. 

Very  little  corrosion  difficulty  was  experienced  as  a result 
of  this  practice  in  the  early  years  of  electric  power  distri- 
bution, because  most  electrical  circuits  were  installed  over- 
head, utilizing  wooden  structures. 

As  areas  became  more  thickly  populated,  electrical  distribu- 
tion systems  were  installed  underground.  The  effects  of 
copper  grounding  systems  on  other  metal  utilities  were  not 
considered.  As  a result,  severe  galvanic  corrosion  has  been 
experienced.  Since  most  construction  metals  are  anodic  to 
copper,  they  will  corrode  to  protect  copper  when  coupled  to- 
gether in  a suitable  environment.  (This  is  why  copper  ap- 
pears to  be  so  resistant  to  corrosion  in  so  many  environ- 
ments. ) 

The  most  commonly  used  metals  of  construction  for  under- 
ground use  are  iron,  aluminum,  lead,  and  zinc.  The  average 
potential  difference  between  these  metals  and  copper  when 
coupled  in  suitable  electrolyte  as  soils  or  water  is  given 
in  Table  5-14. 
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Table  5-14 


Galvanic  Couple  Potentials 


Galvanic  Couple 


Iron-copper 
Aluminum- c oppe r 
Lead-copper 

Zinc  (galvanizing )-copper 


Potential  Difference 
(Volts) 

0.55 

1.55 

0.45 

0.90 


Table  5-14  indicates  relative  driving  force  to  corrode  for 
the  given  metal  couples;  other  conditions  being  equal,  cor- 
rosion rate  is  proportional  to  potential  difference. 

5.11.3  Grounding  Systems. 

5.11.3.1  Neutral  Conductor  Networks.  The  neutral  con- 
ductor  for  underground  electrical  distribution  systems  is 
often  bare  copper  cables.  Neutrals  of  transformers  and  metal 
housings  for  electrical  apparatus  are  often  grounded  to  the 
neutral  conductor.  For  water-cooled  transformers,  water 
piping  is  tied  to  the  neutral  cable  through  the  transformer. 
Lead-sheathed  cables  are  also  grounded  to  the  neutral  con- 
ductor cable.  Residential  hot  water  tanks,  and  other  appli- 
ances, form  connections  between  neutral  cables  and  water 
piping. 

The  galvanic  couple  formed  by  these  connections  under  suit- 
able environmental  conditions  can  rapidly  corrode  lead- 
sheathed  cable  and  water  piping.  Lead  cable  will  generally 
experience  corrosion  first,  although  the  voltage  difference 
between  the  lead  and  copper  is  slightly  lower  than  between 
steel  and  copper.  This  is  true  because  lead  has  an  extreme- 
ly high  deterioration  rate  (about  75  pounds  per  ampere-year). 

Such  couplings  can  be  greatly  reduced  during  design,  by 
specifying  that  buried  neutral  conductor  and  cables  connec- 
tions between  ground  rods  be  covered  with  an  insulating 
Jacket  such  a3  vinyl  or  other  suitable  material.  This  re- 
duces conductance  to  earth  and  can  be  compensated  for  by 
additional  ground  rods. 

5.11.3.2  Service  Piping  for  Utilities.  Using  cold 
water  piping  to  ground  electrical-service entrance  equipment 
is  common  practice.  Cold  water  piping  is  also  used  for 
grounding  electrical  equipment  in  many  industrial  applica- 
tions. Generally,  alternating  current  which  may  flow  as  a 
result  of  using  the  piping  system  for  grounding  will  not 
damage  the  piping  to  any  extent.  Direct  current,  however, 
can  cause  severe  corrosion  to  oiping,  and  tie-ins  producing 

it  should  be  avoided. 
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In  addition,  when  the  secondary  neutral  of  a transformer  I 

serving  more  than  one  establishment  is  grounded  to  cold  1 

water  piping,  galvanic  corrosion  can  occur.  For  example,  j 

one  building  used  to  ground  the  neutral  conductor  has  copper  t 

water  service.  Another,  grounding  the  same  conductor,  has  I 

galvanized  v/ater  service.  The  copper  service  is  connected  ; 

to  the  adjacent  galvanized  service  even  if  both  services  are 
insulated  from  the  water  main.  In  this  case,  the  galvanized  j 

service  pipe  will  corrode  to  protect  the  copper  pipe.  In 
order  to  avoid  this,  individual  transformers  could  be  instal- 
led for  each  building.  However,  such  a practice  would  be  too 
costly  and  is  not  feasible.  This  problem  can  best  be  solved 
by  avoiding  the  use  of .dissimilar  metals  during  construction. 

For  existing  systems,  insulating  joints  should  be  installed 
or  the  service  lines  replaced  with  like  metal  as  they  fall, 
to  avoid  corrosion  from  dissimilar  conditions. 

5.11.3.3  Burled  Metal  grounding  Plates.  Copper  ground- 
ing plates  produce  much  the  same  corrosion  problems  as  copper 
rods,  intensified  by  the  larger  surface  area  of  plates.  This 
means  larger  cathode-to-anode  area  ratio  and  increased  corros- 
ion from  the  "area  effect". 

Using  zinc  or  galvanized  steel  grounding  plates  will  prevent 
this  because  zinc  is  anodic  to  ferrous  metals.  The  zinc  will 
corrode,  but  grounding  electrodes  can  easily  be  designed  for 
a life  of  25  to  50  years. 

Another  alternate  is  stainless  steel  or  stalnless-clad 
ground  rods,  which  are  relatively  close  In  potential  00  most 
underground  structures. 

Aluminum  Is  not  recommended  for  grounding.  If  used  as  an 
electrical  conductor,  it  should  be  completely  insulated  from 
soil  and  water,  or  other  moisture. 

5.11.4  Grounding  Materials  - Pro  and  Con.  Copper  is  the 
most  widely  used  material  for  grounding  systems,  not  neces- 
sarily because  it  is  the  best.  It  formerly  was  the  only 
metal  used  for  grounding  and  is  still  specified  In  most  elec- 
trical codes.  These  codes  are  difficult  to  change,  even 
though  alternate  materials  may  be  better.  Copper,  as  noted 
earlier,  is  cathodic  to  most  structural  metals  and  can  cause 
serious  corrosion  when  used  in  grounding  systems.  Bare  cop- 
per conductors  are  frequently  used  to  connect  ground  rods 
(even  non-copper  rods)  and  Increase  area  in  contact  with  soil. 

This  practice,  which  Increases  corrosion  of  other  structural 
materials,  should  be  avoided  especially  when  copper  is  not 
the  ground  rod  material.  Insulated  cable  will  help  avoid 
serious  corrosion  from  galvanic  couples. 

If  codes  require  copper  grounds,  electrolytic  cells,  gaps, 
or  other  provisions  for  high  current  flow  should  be  made  to 


minimise  galvanic  corrosion 


Zinc  or  galvanized  ground  rods,  when  connected  to  bare  struc- 
tural metals,  create  galvanic  cells.  However,  zinc,  unlike 
copper,  becomes  the  anode  of  such  a couple  and  corrodes  to 
protect  most  structural  metals. 

Consideration  must  be  given  to  the  life  of  zinc  ground  rods 
as  zinc  is  greatly  affected  by  local  environmental  condit- 
ions. Zinc  rods  properly  installed  in  an  approved  backfill 
material  (such  as  50  percent  bentonite  and  50  percent  hy- 
drated gypsum)  can  be  expected  to  have  an  operating  effici- 
ency of  90  percent.  This  means,  that  during  Its  useful  life, 
90  percent  of  the  zinc  consumed  will  be  apparent  as  useful 
output  current,  while  the  remaining  10  percent  will  be  used 
in  self-corrosion  processes.  A zinc  anode  can  continue  to 
be  used  for  grounding  purposes  until  the  zinc  surrounding 
the  steel  core  is  at  least  85  percent  consumed.  If  longer 
life  is  desired,  it  may  be  obtained  by  using  two  or  more 
ground  rods  in  the  same  augered  hole.  The  expected  life 
will  then  be  approximately  that  of  one  anode  multiplied  by 
the  number  of  anodes  in  the  same  hole.  Another  solution 
would  be  to  use  a larger  ground  rod. 

Galvanized  steel  ground  rods  react  similarly  to  zinc  rods, 
but  the  thin  zinc  coating  is  rapidly  consumed. 

Stainless  steel  ground  rods  are  also  used.  These  do  not 
provide  ferrous  structural  materials  with  the  same  galvanic 
corrosion  protection  as  zinc.  However,  they  do  not  corrode 
other  structures  as  copper  grounds.  Steel,  of  course.  Is 
subject  to  soil  corrosion,  but  can  provide  satisfactory  life 
for  many  applications. 

Ground  rods  made  of  other  metals,  such  as  aluminum,  have 
been  given  some  attention.  Copper,  zinc,  and  steel,  how- 
ever, remain  the  materials  most  generally  accepted. 

5.11.5  Isolation  of  Burled  Structures  Prom  Grounds. 

Copper  grounding  systems  have  an  adverse  effect  on  cat ho d 1 c 
protection  systems.  The  degree  of  effectiveness  varies  with 
the  area  of  copper  In  contact  with  the  soil.  Extremely  high 
values  of  current  will  be  required  to  protect  underground 
structures  connected  to  copper  grounds.  The  reason  is  that 
protective  current  flows  to  copper  where  it  is  least  re- 
quired. This  is  usually  true  where  different  metals  are 
coupled  together  and  cathodically  protected.  If  the  under- 
ground structures  were  electrically  Isolated  from  the  copper 
grounding  system,  or  if  zinc  or  stainless  steel  ground  rods 
were  employed,  the  required  protective  current  would  be 
much  less. 

5.12  ENVIRONMENT.  Altering  the  environment  can  sometimes 
reduce  corrosion,  but  the  "perfect"  environment,  like  the 
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"perfect"  coating,  has  not  been  discovered.  Removing  impur- 
ities or  dissolved  materials,  altering  chemical  composi- 
tions, or  substituting  an  entirely  different  electrolyte  can 
sometimes  reduce  corrosion  problems.  However,  environmental 
composition  is  extremely  difficult  and  expensive  to  control 
outside  the  laboratory,  and  small  impurities  can  produce 
disastrous  results.  For  example,  on-grade  storage  tanks  are 
sometimes  placed  on  a layer  of  sand  to  prevent  soil  corros- 
ion. Small  clods  of  earth  can  easily  get  mixed  in  the  sand 
during  construction,  and  earth  in  contact  with  the  metal  is 
anodic  to  the  rest  of  the  structure.  Unless  additional  pro- 
tection such  as  cathodic  protection  is  employed,  corrosion 
concentrates  at  this  point  because  of  the  "area  effect". 

In  general,  altering  the  environment  is  effective  only  when 
used  with  other  methods  of  corrosion  control. 

5.12.1  Advantages  of  Uh if orm  Environment . When  pipes  are 
Installed  In  trenches,  the  backfill  is  usually  a nixture  of 
various  soil  types  due  to  the  nature  of  trenching  operations. 
This  mixture  can  cause  differential  environment  corrosion 
and  should  be  avoided.  A selected  backfill,  uniform  in  com- 
position and  containing  no  cinders  or  other  debriB,  can  often 
help  minimize  differential  environment  corrosion.  It  does 
not  guarantee  homogeneity,  however,  because  moisture  and 
oxygen  content  as  well  as  other  impurities  are  not  practic- 
ally controlled. 

Similar  problems  are  encountered  In  water  or  other  liquids. 
Dissolved  material  often  concentrates  In  one  area  of  a struc- 
ture (such  as  corners  In  tanks,  crevices,  or  the  bottom  of 
pipes)  producing  concentration  cell  corrosion.  Elimination 
of  dissolved  material  or  agitation  to  provide  uniform  distri- 
bution can  often  mitigate  this. 

5.12.1.1  Use  of  Sand  as  a Backfill.  Sand  used  as  a 
backfill  should  be  free  from  clay,  rocks,  organic  matter, 
and  mineral  salts.  Individual  particles  usually  vary  from 
0.002  to  0.004  inch  in  size.  Many  sands  contain  impurities 
and  should  be  washed.  Sand  of  high  resistivity,  25,000  ohm- 
centimeters  or  higher.  Is  desirable.  Use  of  local  sand  of 
lower  resistivity  may  sometimes  be  more  economical  than  im- 
portation of  higher  resistivity  sand.  When  low  resistivity 
sand  is  used,  a good  coating  supplemented  by  cathodic  pro- 
tection may  be  necessary  because  of  inevitable  impurities 
present. 

5.12.1.2  Effects  of  Cinders  and  Debris.  Cinders  and 
foreign  matter  can  damage  burled  or  submerged  structures 
contacting  them.  Sharp  fragments  can  penetrate  coatings, 
producing  holidays  where  corrosion  concentrates.  Foreign 
matter  deposited  on  metal  surfaces  can  cause  concentration 
cell  (paragraph  4.3.2)  or  crevice  corrosion  (paragraph  4.3,3). 
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Metallic  debris  contacting  structures  can  produce  galvanic 
corrosion.  Cinders  are  especially  harmful  In  this  respect, 
because  they  contain  some  unbumed  carbon,  cathodic  to 
ferrous  metals.  The  large  potential  difference  between 
carbon  and  iron  or  steel,  approximately  2.0  volts,  can  pro- 
duce rapid  corrosion.  In  addition,  the  shielding  effect  of 
cinders  or  other  metal  in  contact  prevents  cathodic  protec- 
tion current  from  reaching  the  structure  surface  beljw. 

5.12.2  Drainage . Standing  water  from  rain  or  other 
sources  can  produce  serious  corrosion.  Crevices  and  other 
areas  where  water  pockets  can  form  should  be  eliminated  in 
the  design  phase.  If  this  is  not  feasible,  proper  drainage 
must  be  provided. 

5.12.3  Ducts  and  Tunnels.  Ducts  or  tunnels  are  sometimes 
used  to  house  lead- sheath  cable  and  other  utilities.  These 
provide  isolation  from  soil  or  water  and  prevent  corrosion 
by  eliminating  the  electrolyte.  Care  must  be  taken  to  avoid 
seepage  of  water  into  these  structures,  because  serious  cor- 
rosion can  result.  Cathodic  protection  is  frequently  em- 
ployed to  protect  lead-sheath  cable  installed  In  ducts 
(paragraph  4.15.12). 

Tunnels  are  very  expensive,  but  there  are  times  when  a tunnel 
may  be  the  best  answer.  This  is  particularly  true  when  many 
utilities  and  perhaps  a pedestrian  passage  share  the  same 
tunnel . 
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appendix  a. 

GLOSSARY  OF  CORROSION  TERMS 
(•Definitions  from  NACE  Standard  RP-01-69) 

Adsorption*  The  taking  up  of  one  substance  at  the  surface 
of  another*  The  tendency'  of  all  solids  to  condense  upon 
their  surfaces  a layer  of  any  gas  or  solute  which  contact 
such  solids* 

Aeration  cell  (oxygen  cell).  An  electrolytic  cell  in  which 
a difference  in  oxygen  concentration  at  the  electrodes  ex- 
ists, producing  corrosion. 

Amphoterics*  Materials  subject  to  attack  by  both  acid  and 
alkaline  environments*  Aluminum,  zinc,  and  lead,  commonly 
used  in  construction,  are  examples*  , 

Anaerobic*  Free  of  air  or  uncombined  oxygen;  an  aerobic 
bacteria  are  those  which  do  not  use  oxygen  in  their  life 
cycle. 


Anion*  A negatively  charged  ion  which  migrates  toward  the 
anode  under  influence  of  a potential  gradient* 

•Anode.  An  electrode  at  which  oxidation  of  its  surface  or 
, some  component  of  the  solution  is  occurring*  Antonym: cathode. 

•Bell  hole*  An  excavation  to  expose  a buried  structure* 

Cathode.  An  electrode  at  which  reduction  of  its  surface  or 
some  component  of  the  solution  is  occurring*  Antonym: anode. 

Cathodic  corrosion*  Corrosion  resulting  from  a cathodic 
condition  of  a structure,  usually  caused  by  the  reaction  of 
alkaline  products  of  electrolysis  with  an  amphoteric  metal. 

•Cathodic  Protection.  A technique  to  prevent  the  corrosion 
of  a metal  surface  by  making  that  surface  the  cathode  of  an 
electrochemical  cell* 

Cation*  A positively  charged  ion  of  an  electrolyte  which 
migrates  toward  the  cathode  under  the  influence  of  a po- 
tential gradient* 
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CoBfitttatiop  An  electrolytic  cell  in  which  a dif- 

ference in  electrolyte  concentration  exists  between  anode 
and  cathode , producing  corrosion. 

•Continuity  bond.  A metallic  connection  that  provides 
electrical  continuity. 

•Corrosion.  The  deterioration  of  a material,  usually  a 
metal,  because  of  a reaction  with  its  environment. 

•Current  density.  The  current  per  unit  area. 

^Electrical  isolation.  The  condition  of  being  electrically 
separated  from  other  metallic  structures  or  the  environment. 

•Electro-osmotic  effect.  Passage  of  a charged  particle 
through^  a membrane  under  the  influence  of  a voltage.  Soil 
may  act  as  the  membrane. 

♦Electrode  potential.  The  potential  of  an  electrode  as 
measured  against  a reference  electrode.  The  electrode  po- 
tential does  not  include  any  loss  of  potential  in  the  sol- 
ution due  to  current  passing  to  or  from  the  electrodes,  i.e. 
it  represents  the  reversible  work  required  to  move  a unit 
charge  from  the  electrode  surface  through  the  solution  to 
the  reference  electrode. 

Electrolyte.  A chemical  substance  or  mixture,  usually 
* liquid,  containing  ions  that  migrate  in  an  electric  field. 
Examples  are  soil  and  seawater. 

Electromotive  force  series  (EM?  series),  A list  of  ele- 
ments  arranged  according  to  their  standard  electrode  po- 
tentials, the  sign  being  positive  for  elements  having 
potentials  that  are  cathodic  to  hydrogen  and  negative  for 
those  elements  having  potentials  that  are  anodic  to  bydro- 
gen. 

•Foreign  structure.  Any  structure  tl^at  is  not  intended  as 
a part  or  the  system  of  interest. 

•Galvanic  anode . A metal  which,  because  of  its  relative 
position  in  tW  galvanic  series,  provides  sacrificial  pro- 
tection to  metal  or  metals  that  are  more  noble  in  the  ser- 
ies, when  coupled  in  an  electrolyte.  These  anodes  are  the 
eurrent  source  in  one  type  of  cathodic  protection. 
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Galvanic  cell.  A corrosion  cell  in  which  anode  and  catb- 
ode  are  dissimilar  conductors,  producing  corrosion  because 
of  their  innate  difference  in  potential. 

•Galvanic  series.  A list  of  metals  and  alloys  arranged 
according  to  their  relative  potentials  in  a given  environ— 
ment. 

•Holiday.  A discontinuity  of  coating  that  exposes  the  met 
ai  surface  to  the  environment. 

Hydrogen  overvoltage.  Voltage  characteristic  for  each  met 
al-environment  combination  above  which  hydrogen  gas  is  lib 
erated. 

*Impressed  current.  Direct  current  supplied  by  a power 

source  external  to  the  electrode  system. 

% 

•Insulating  coating  system.  All  components  comprising  the 
protective  coating,  the  sum  of  which  provides  effective 
electrical  insulation  of  the  coated  structure. 

•Interference  bond.  A metallic  connection  designed  to  con 
trol  electrical  current  interchange  between  metallic  sys- 
tems. 

Ion.  Electrically  charged  atom  or  molecule. 

♦IR  drop.  The  voltage  across  a resistance  in  accordance 
with  Ohm's  Law. 

♦Line  current.  The  direct  current  flowing  on  a pipeline. 

Local  action.  Corrosion  caused  by  local  cells  on  a metal 
surface. 


Hill  scale.  The  heavy  oxide  layer  formed  during  hot  fabri 
cation  or  heat-treatment  of  metals.  The  term  is  applied 
chiefly  to  iron  and  steel. 

Molality.  Concentration  of  a solution  expressed  as  the 
number  of  gram  molecules  of  the  dissolved  substance  per 
1000  grams  of  solvent. 

PH.  A measure  of  hydrogen  ion  activity  defined  by  pH  - 
logio  (l/aH+)  where  aH*  ■ hydrogen  ion  activity  » molal 
concentration  of  hydrogen  ions  multiplied  by  the  mean  ion 
activity  coefficient  («  1 for  simplified  calculations). 


Polarisation.  Tbe  deviation  from  tbe  open  circuit  potent- 
ial  or  an  electrode  resulting  from  tbe  passage  of  current. 

♦Reference  electrode.  A device  whose  open  circuit  potent- 
lax  is  constant  under  similar  conditions  of  measurement. 


♦Reverse-current  switch.  A device  that  prevent s tbe  rever- 
ser of  direct  current  through  a metallic  conductor. 

♦Stray  current . Current  flowing  through  paths  other  than 
the  intended  circuit . 

♦Stray  current  corrosion.  Corrosion  resulting  from  direct 
current  flow  through  paths  other  than  the  intended  circuit. 

♦Structure-to-electrolyte  voltage,  (also  structure-to-soil 
potential  or  pipe-to-soil  potential).  Tbe  voltage  differ- 
ence between  a buried  metallic  structure  and  the  electro- 
lyte which  is  measured  with  a reference  electrode  in  con- 
tact with  the  electrolyte. 

♦Structure-to-structure  voltage,  (also  structure-to-struct- 
ure  potential;.  The  difference  in  voltage  between  metallic 
structures  in  a common  electrolyte. 

•Voltage.  An  electromotive  force,  or  a difference  in  elec- 
trode potentials  expressed  in  volts. 
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DEPARTMENT  OF  TRANSPORTATION 
REGULATIONS 

Title  49  -•  Transportation 

Chapter  1-Hazardous  Materials  Regulations  Board,  Depart- 
ment of  Transportation. 

(Docket  No.  OPS-5;  Arndt.  192-4) 

Part  192-Tranaportation  of  Natural  and  other  gas  by  pipe- 
line: Minimum  Federal  safety  standards 

„ Subpart  l-Requirementa  for 

' Corrosion  Control 

192.491  Scope. 

This  subpart  prescribes  minimum  requirements  for  the  pro- 
tection of  metallic  pipelines  from  external,  internal , and 
atmospheric  corrosion. 

192.453  General. 

Each  operator  shall  establish  procedures  to  implement  the 
requirements  of  this  subpart.  These  procedures,  including 
those  for  the  design,  installation,  operation  and  mainten- 
ance of  cathodic  protection  systems,  must  be  carried  out  by, 
or  under  the  direction  of,  a person  qualified  by  experi- 
ence and  training  in  pipeline  corrosion  control  methods. 

192.455  External  corrosion  control:  buried  or  submerged 

pipelines  installed  after  July  31*  1971* 

(a)  Except  as  provided  in  paragraphs  (b)  and  (c)  of  this 
section,  each  buried  or  submerged  pipeline  installed  after 
July  31 , 1971  must  be  protected  against  external  corrosion, 
including  the  following: 

(1)  It  must  have  an  external  protective  coating  meeting 
the  requirements  of  192.46. 

(2)  It  must  have  a cathodic  protection  system  designed  to 
protect  the  pipeline  in  its  entirety  in  accordance  with  this 
subpart,  installed  and  placed  in  operation  within  one  year 
after  completion  of  construction. 

(b)  An  operator  need  not  comply  with  paragraph  (a)  of 
this  section,  if  the  operator  can  demonstrate  by  tests,  in- 
vestigation, or  experience  in  the  area  of  application,  in- 
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eluding,  as  a minimum,  soil  resistivity  measurements  and 
tests  for  corrosion  accelerating  bacteria,  tbat  a corros- 
ive environment  does  not  exist.  However,  vitbin  6 months 
after  an  installation  made  pursuant  to  the  proceding  sen- 
tence. tbe  operator  shall  conduct  tests,  including  pipe- 
to-soil  potential  measurements  with  respect  to  either  a 
continuous  reference  electrode  or  an  electrode  using  close 
spacing,  not  to  exceed  20  feet,  and  soil  resistivity  meas- 
urements at  potential  profile  peak  locations,  to  adequ- 
ately evaluate  the  potential  profile  along  the  entire  pipe- 
line. Xf  tbe  tests  made  indicate  tbat  a corrosive  con— 
diton  exists,  tbe  pipeline  must  be  catbodically  protected 
in  accordance  with  paragraph  (a)  (2)  of  this  section. 

(c)  An  operator  need  not  comply  with  paragraph  (a)  of 
this  section,  if  the  operator  can  demonstrate  by  tests, 
investigation,  or  experience  that- 

(1)  For  a copper  pipeline,  a corrosive  environment  does 
not  exist;  or 

(2)  For  a temporary  pipeline  with  an  operating  period  of 
service  not  to  exceed  5 years  beyond  installation,  corro- 
sion during  tbe  5-year  period  cf  service  of  tbe  pipeline 
will  not  be  detrimental  to  public  safety. 

(d)  Notwithstanding  the  provisions  of  paragraph  (b)  or 
(c)  of  this  section,  if  a pipeline  is  externally  coated, 
it  must  be  catbodically  protected  in  accordance  with  para- 
graph (a)  (2)  of  this  section. 

(e)  Aluminum  may  not  be  installed  in  a buried  or  submerg- 
ed pipeline  if  that  aluminum  is  exposed  to  an  environment 

» with  a natural  pH  in  excess  of  8,  unless  tests  or  exper- 
ience indicate  its  suitability  in  the  particular  environ- 
ment involved. 

192.457  External  corrosion  control:  buried  or  submerg- 

ed pipelines  installed  before  August  1,  1971* 

(a)  Except  for  buried  piping  at  compressor,  regulator, 
and  measuring  stations,  each  buried  or  submerged  trans- 
mission line  installed  before  August  1,  1971,  that  has  an 
effective  external  coating  must,  not  later  than  August  1, 
1974,  be  catbodically  protected  along  tbe  entire  area  tbat 
is  effectively  coated,  in  accordance  with  this  subpart. 

For  tbe  purposes  of  this  subpart,  a pipeline  does  not  have 
an  effective  external  coating  if  its  cathodic  protection 
current  requirements  are  substantially  the  same  as  if  it 
were  bare.  Tbe  operator  shall  make  tests  to  determine  the 
cathodic  protection  current  requirements. 

(b)  Except  for  cast  iron  or  ductile  iron,  each  of  tbe 
following  buried  or  submerged  pipelines  installed  before 
August  1,  1971,  must,  not  later  than  August  1,  1976,  be 
catbodically  protected  in  accordance  with  this  subpart  in 
areas  in  which  active  corrosion  is  found: 


Cl j Bare  or  ineffectively  coated  transmission  lines. 

(2)  Bare  or  coated  pipes  at  compressor,  regulator,  and 
measuring  stations. 

(3)  Bare  or  coated  distribution  lines.  The  operator  shall 
determine  tbe  areas  of  active  corrosion  by  electrical  sur- 
vey, or  where  electrical  survey  is  impractical,  by  the  stu- 
dy of  corrosion  and  leak  history  records,  hy  leak  detection 
survey,  or  by  other  means. 

(c)  For  the  purpose  of  this  subpart,  active  corrosion 
means  continuing  corrosion  which,  unless  controlled,  could 
result  in  a condition  that  is  detrimental  to  public  safety. 

192.4-59  External  corrosion  control:  examination  of  bur- 
ied pipeline  when  exposed. 

Whenever  an  operator  has  knowledge  that  any  portion  of  a 
buried  pipeline  is  exposed,  tbe  exposed  portion  must  be  ex- 
amined for  evidence  of  external  corrosion  if  the  pipe  is 
bare,'  or  if  the  coating  is  deteriorated.  If  external  cor- 
rosion is  found,  remedial  action  must  be  taken  to  the  ex- 
tent required  by  192.483  and  the  applicable  paragraphs  of 
192.485,  192.487,  or  192.489. 

192.461  External  corrosion  control:  protective  coating. 

(a)  Each  external  protective  coating,  whether  conductive 
or  insulating,  applied  for  the  purpose  of  external  corro- 
sion control  must- 

(1)  Be  applied  on  a properly  prepared  surface; 

(2)  Have  sufficient  adhesion  to  the  metal  surface  to 
effectively  resist  under-film  migration  of  moisture; 

(3)  Be  sufficiently  ductile  to  resist  cracking; 

(4)  Have  sufficient  strength  to  resist  damage  due  to 
handling  and  soil  stress;  and 

(5)  Have  properties  compatible  with  any  supplemental 
cathodic  protection. 

(b)  Each  external  protective  coating  which  is  an  elect- 
rically insulating  type  must  also  have  low  moisture  ab- 
sorption and  high  electrical  resistance. 

(c)  Each  external  protective  coating  must  be  inspected 
just  prior  to  lowering  the  pipe  into  the  ditch  and  back- 
filling, and  any  damage  detrimental  to  effective  corrosion 
control  must  be  repaired. 

(d)  Each  external  protective  coating  must  be  protected 
from  damage  resulting  from  adverse  ditch  conditions  or  dam- 
age from  supporting  blocks. 

(e)  If  coated  pipe  is  installed  by  boring,  driving,  or 
other  similar  method,  precautions  must  be  taken  to  minimize 
damage  to  the  coating  during  installation. 


part  vast  provide 


a level 


of  cathodic  protection  tbat  com- 


plies with  one  or  more  of  tbe  applicable  criteria  contained 
in  Appendix  P of  this  subpart.  If  none  of  these  criteria 
ia  applicable , tbe  catbodie  protection  system  must  provide 
a level  of  catbodie  protection  at  least  equal  to  tbat  pro- 
vided by  compliance  with  one  or  more  of  these  criteria. 

(b)  If  amphoteric  metals  are  included  in  a buried  or  sub- 
merged pipeline  containing  a metal  of  different  anodic  pot- 
ential— 

(1)  Tbe  amphoteric  metals  must  be  electrically  isolated 
from  tbe  remainder  of  tbe  pipeline  and  catbodically  pro- 
tected; or 

(2)  Tbe  entire  buried  or  submerged  pipeline  must  be  catb- 
odically protected  at  a catbodie  potential  tbat  meets  tbe 
requirements  of  Appendix  D of  tbis  part  for  amphoteric  met- 
als. . 

(c)  Tbe  amount  of  catbodie  protection  must  be  controlled 
so  as  not  to  damage  tbe  protective  coating  or  tbe  pipe. 

192.465  External  corrosion  control:  monitoring. 

(a)  Except  where  impractical  on  off-shore  pipelines,  each 
pipeline  tbat  is  under  catbodie  protection  must  be  tested 
at  least  once  each  calendar  year,  but  with  intervals  not 
exceeding  15  months,  to  determine  whether  tbe  catbodie  pro- 
tection meets  tbe  requirements  of  192.463.  However,  if 
tests  at  those  intervals  are  impractical  for  separately 
protected  service  lines  or  short  sections  of  protected 
mains,  not  in  excess  of  100  feet.  tbeBe  service  lines  and 
mains  may  be  surveyed  on  a sampling  basis.  At  least  10 
percent  of  these  protected  structures,  distributed  over  tbe 
entire  system  must  be  surveyed  each  calender  year,  with  a 
different  10  percent  checked  each  subsequent  year,  so  tbat 
tbe  entire  system  is  tested  in  each  10-year  period. 

(b)  At  intervals  not  exceeding  2 months,  each  catbodie 
protection  rectifier  or  other  impressed  current  power 
source  must  be  inspected  to  ensure  tbat  it  is  operating. 

(e)  At  intervals  not  exceeding  2 months,  each  reverse 
current  switch,  each  diode,  and  each  interference  bond 
whose  failure  would  jeopardize  structure  protection,  must 
be  electrically  checked  for  proper  performance.  Each  other 
interference  bond  must  be  checked  at  least  once  each  calen- 
dar year,  but  with  intervals  not  exceeding  15  months. 

(d)  Each  operator  shall  take  prompt  remedial  action  to 
oorreet  any  deficiencies  indicated  by  tbe  monitoring. 

(e)  After  tbe  initial  evaluation  required  by  paragraphs 
(b)  and  (c)  of  192.455  and  paragraph  (t>)  of  192.457,  each 
operator  shall,  at  intervals  not  exceeding  3 years,  reevalu- 
ate its  unprotected  pipelines  and  catbodically  protect  them 


in  accordance  vitb.tbis  subpart  in  areas  in  which  active 
corrosion  is  found.  Tbe  operator  shall  determine  tbe 
areas  of  active  corrosion  by  electrical  survey,  or  where 
electrical  survey  ia  impractical,  by  tbe  study  of  corros- 
ion and  leak  history  records,  by  leak  detection  survey,  or 
by  other  means. 


192.467 

tion. 


External  corrosion  control:  electrical  isola- 


(a)  Each  buried  or  submerged  pipeline  must  be  electric- 
ally isolated  from  other  underground  metallic  structures, 
unless  the  pipeline  and  the  other  structures  are  electric- 
ally interconnected  and  catbodically  protected  as  a single 
unit. 

(b)  An  insulating  device  must  be  installed  where  electri- 
cal isolation  of  a portion  of  a pipeline  is  necessary  to 
facilitate  the  application  of  corrosion  control. 

(c)  Except  for  unprotected  copper  inserted  in  ferrous 
pipe,  each  pipeline  must  be  electrically  isolated  from 
metallic  casings  that  are  a part  of  the  underground  system. 
However,  if  isolation  is  not  achieved  because  it  is  im- 
practical, other  measures  must  be  taken  to  minimize  cor- 
rosion of  tbe  pipeline  inside  the  casing. 

(d)  Inspection  and  electrical  tests  must  be  made  to 
assure  that  electrical  isolation  is  adequate. 

(e)  An  insulating  device  may  not  be  installed  in  an  area 
where  a combustible  atmosphere  is  anticipated  unless  pre- 
cautions are  taken  to  prevent  arcing. 

(f)  Where  a pipeline  is  located  in  close  proximity  to 
electrical  transmission  tower  footings,  ground  cables  or 
counter-poise,  or  in  other  areas  where  fault  currents  or 
unusual  risk  of  lightning  may  be  anticipated,  it  must  be 
provided  with  protection  against  damage  due  to  fault  cur- 
rents or  lightning,  and  protective  measures  must  also  be 
taken  at  insulating  devices. 

192.469  External  corrosion  control:  test  stations. 

Except  where  impractical  on  offshore  and  wet  marsh  area 
pipelines,  each  pipeline  under  cathodic  protection  requir- 
ed by  this  subpart  must  have  sufficient  test  stations  or 
other  contact  points  for  electrical  measurement  to  deter- 
mine tbe  adequacy  of  cathodic  protection. 

192.471  External  corrosion  control:  test  leads. 

(a)  Each  test  lead  wire  must  be  connected  to  the  pipe- 
line so  as  to  remain  mechanically  secure  and  electrically 
conductive. 

(b)  Each  test  lead  wire  must  be  attached  to  the  pipeline 
so  as  to  minimise  stress  concentration  on  the  pipe. 
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(e)  Each  bared  teat  lead  wire  and  bared  aetallie  area  at 
point  of  connection  to  tbe  pipeline  must  be  coated  with  an 
electrical  insulating  material  compatible  with  tbe  pipe 
coating  and  tbe  inaulation  on  tbe  wire. 

192.473  External  corrosion  control:  interference  cur- 
rents. 

<a)  After  July  31,  1973 « each  operator  whose  pipeline 
system  is  subjected  to  stray  currents  shall  bare  in  effect 
a continuing  program  to  minimise  the  detrimental  effects  of 
such  currents. 

(b)  Each  impressed  current  type  cathodic  protection  sys- 
tem or  galvanic  anode  system  must  be  designed  and  installed 
so  as  to  minimise  any  adverse  effects  on  existing  adjacent 
underground  metallic  structures. 

192.475  Internal  corrosion  control:  general. 

(a)  After  July  31,  1972,  corrosive  gas  may  not  be  trans- 
ported by  pipeline,  unless  the  corrosive  effect  of  the  gas 
on  tbe  pipeline  has  been  investigated  and  steps  have  been 
taken  to  minimise  internal  corrosion. 

(b)  Whenever  any  pipe  is  removed  from  a pipeline  for  any 
reason,  the  internal  surface  must  be  inspected  for  evidence 
of  corrosion.  If  internal  corrosion  is  found- 

(1)  The  adjacent  pipe  must  be  investigated  to  determine 
the  extent  of  internal  corrosion; 

(2)  Replacement  must  be  made  to  the  extent  required  by 
the  applicable  paragraphs  of  192.485,  192.487,  or  192.489$ 
and 

(3)  Steps  must  be  taken  to  minimise  tbe  internal  cor- 
rosion. 

(c)  Gas  containing  more  than  0.1  grain  of  hydrogen  sul- 
fide per  100  standard  cubic  feet  may  not  be  stored  in  pipe- 
type  or  bottle-type  holders. 

192.477  Internal  corrosion  control:  monitoring. 

If  corrosive  gas  is  being  transported,  coupons  or  other 
suitable  means  must  be  used  to  determine  tbe  effectiveness 
of  tbe  steps  taken  to  minimise  internal  corrosion.  After 
July  31,  1972,  each  coupon  or  other  means  of  monitoring 
internal  corrosion  must  be  checked  at  intervals  not  exceed- 
ing 6 months. 

192.479  Atmospheric  corrosion  control:  general. 

(a)  Pipelines  installed  after  July  31,  1971.  Each  above- 
ground pipelines  or  portion  of  a pipeline  installed  after 
Jhly  31,  1971  that  is  exposed  to  the  atmosphere  must  he 
cleaned  and  either  coated  or  jacketed  with  a material  suit- 
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able  for  tbe  prevention  of  atmospheric  corrosion*  As  oper- 
ator need  not  comply  with  tbia  paragraph,  if  tbe  operator 
can  demonstrate  by  teat,  investigation,  or  experience  in 
tbe  area  of  application,  that  a corrosive  atmosphere  does 
not  exist* 

(b)  Pipelines  installed  before  August  1,  1971*  Rot  later 
than  August  1,  1974- , each  operator  having  an  above-ground  _ 


pipeline  or  portion  of  a pipeline  installed  before  August 
1,  1971  that  is  exposed  to  the  atmosphere,  shall- 

(1)  Determine  the  areas  of  atmospheric  corrosion  on  tbe 
pipeline ; 

(2)  If  atmospheric  corrosion  is  found,  take  remedial 
measures  to  tbe  extent  required  by  the  applicable  para- 
graphs of  192.485 ? 192.487,  or  192.489;  and 

(3)  Clean  and  either  coat  or  jacket  the  areas  of  atmos- 
pheric corrosion  on  the  pipeline  with  a material  suitable 
for  tbe%  prevention  of  atmospheric  corrosion. 

192.481  Atmospheric  corrosion  control:  monitoring. 

After  meeting  tbe  requirements  of  paragraphs  (a)  and  (b) 
of  192.479,  each  operator  shall,  at  intervals  not  exceeding 
3 years,  reevaluate  its  above-ground  pipelines  or  portions 
of  pipelines  that  are  exposed  to  the  atmosphere  and  take 
remedial  action  wherever  necessary  to  maintain  protection 
against  atmospheric  corrosion. 

192.483  Remedial  measures:  general. 

(a)  Each  segment  of  metallic  pipe  that  replaces  pipe  re- 
moved from  a buried  or  submerged  pipeline  because  of  exter- 
nal corrosion  must  have  a properly  prepared  surface  and 
must  be  provided  with  an  external  protective  coating  that 
meets  tbe  requirements  of  192.461. 

(b)  Each  segment  of  metallic  pipe  that  replaces  pipe  re- 
moved from  a buried  or  submerged  pipeline  because  of  exter- 
nal corrosion  must  be  catbodically  protected  in  accordance 
with  this  subpart. 

(c)  Except  for  cast  iron  or  ductile  iron  pipe,  each  seg- 
ment of  buried  or  submerged  pipe  that  is  required  to  be  re- 
paired because  of  external  corrosion  must  be  catbodically 
protected  in  accordance  with  this  subpart. 

192.485  Remedial  measures:  transmission  lines. 

(a)  General  corrosion.  Each  segment  of  transmission  line 
pipe  with  general  corrosion  and  with  a remaining  wall 
thickness  less  than  that  required  for  the  maximum  allow- 
able operating  pressure  of  the  pipeline,  must  be  replaced 
or  tbe  operating  pressure  reduced  commensurate  with  tbe 
actual  remaining  wall  thickness.  However,  if  tbe  area  of 
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general  corrosion  is  small,  the  corroded  pipe  may  be  re- 
paired* Corrosion  pitting  so  closely  grouped  as  to  effect 
Idle  overall  strength  of  the  pipe  is  considered  general  cor- 
rosion for  the  purpose  of  this  paragraph* 

(h)  Localized  corrosion  pitting*  Each  segment  of  trans- 
mission line  pipe  with  localized  corrosion  pitting  to  a de- 
gree Where  leakage  might  result  must  he  replaced  or  repair- 
ed. or  the  operating  pressure  must  be  reduced  commensurate 
with  the  strength  of  the  pipe  t based  on  the  actual  remain- 
ing wall  tbiekneas  in  the  pits* 

192*487  Hemedial  measures:  distribution  lines  other 
than  cast  iron  or  ductile  iron  lines* 

(a)  General  corrosion*  Except  for  cast  iron  or  ductile 
iron  pipe,  each  segment;  of  generally  corroded  distribution 
line  pipe  with  a remaining  wall  thickness  less  than  that 
required  for  the  maximum  allowable  operating  pressure  of 
the  pipeline,  or  a remaining  wall  thickness  less  than  30 
percent  of  the  nominal  wall  thickness,  must  be  replaced. 
Hdwever.  if  the  area  of  general  corrosion  is  small,  the  cor- 
roded pipe  may  be  repaired.  Corrosion  pitting  so  closely 
grouped  as  to  affect  the  overall  strength  of  the  pipe  is 
considered  general  corrosion  for  the  purpose  of  this  para- 
graph* 

(b)  Localized  corrosion  pitting.  Except  for  cast  iron  or 
ductile  iron  pipe,  each  segment  of  distribution  line  pipe 
with  localized  corrosion  pitting  to  a degree  where  leakage 
might  result  must  be  replaced  or  repaired* 

192*489  Hemedial  measures : cast  iron  and  ductile  iron 
pipelines* 

(a)  General  graphitization.  Each  segment  of  cast  iron  or 
ductile  iron  pipe  on  which  general  graphitization  is  found 
to  a degree  where  a fracture  or  any  leakage  might  result, 
must  be  replaced* 

(b)  Localized  graphitization*  Each  segment  of  cast  iron 
or  ductile  Iran  pipe  on  which  localized  graphitization  is 
found  to  a degree  where  any  leakage  might  result,  must  be 
replaced  or  repaired,  or  sealed  by  internal  sealing  methods 
adequate  to  prevent  or  arrest  any  leakage. 

192*491  Corrosion  control  records* 

(a)  After  July  31,  1972,  each  operator  shall  maintain  re- 
cords or  maps  to  show  the  location  of  cathcdically  protect- 
ed piping,  cathodic  protection  facilities,  other  than  unre- 
corded galvanic  anodes  installed  before  August  1,  1971,  and 
neighboring  structures  bonded  to  the  cathodic  protection 
system* 

(b)  Each  of  the  following  records  must  be  retained  for  as 
long  as  the  pipeline  remains  in  service: 
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(1)  Each  record  or  map  required  by  paragraph  (a)  of  tbis 
section* 

(2)  Records  of  each  test,  survey,  or  inspection  required 
by  tbis  subpart,  in  sufficient  detail  to  demonstrate  tbe 
adequacy  of  corrosion  control  measures  or  tbat  a corrosive 
condition  does  not  exist* 

Appendix  D -Criteria  for  Cathodic  Protection  and  Determina- 
tion of  Measurements 


X*  Criteria  for  cathodic  protection-A*  Steel,  cast  iron, 
and  ductile  iron  structures* 

(1)  A negative  (cathodic)  voltage  of  at  least  0*85  volt, 
with  reference  to  a saturated  copper-copper  sulfate  half 
cell*  Determination  of  this  voltage  must  be  made  with  the 

Protective  current  applied,  and  in  accordance  with  sections 
I and  IV  of  this  appendix* 

(2)- A negative  (cathodic)  voltage  shift  of  at  least  300 
millivolts*  Determination  of  this  voltage  shift  must  be 
made  with  the  protective  current  applied,  and  in  accordance 
with  sections  II  and  IV  of  this  appendix*  This  criterion 
of  voltage  shift  applies  to  structures  not  in  contact  with 
metals  of  different  anodic  potentials* 

(3)  A minimum  negative  (cathodic)  polarization  voltage 
shift  of  100  millivolts.  This  polarization  voltage  shift 
must  be  determined  in  accordance  with  sections  III  and  IV 
of  this  appendix* 

(A)  A voltage  at  least  as  negative  (cathodic)  as  that 
originally  established  at  the  beginning  of  the  Tafel  seg- 
ment of  the  E-log- I curve.  This  voltage  must  be  measured 
in  accordance  with  section  IV  of  this  appendix. 

(5)  A net  protective  current  from  the  electrolyte  into 
the  structure  surface  as  measured  by  an  earth  current  tech- 
nique applied  at  predetermined  current  discharge  (anodic) 
points  of  the  structure. 

B*  Aluminum  structures*  (1)  Except  as  provided  in  sub- 
paragraphs  (3)  and  (A)  of  this  paragraph,  a minimum  negative 
( cathodic )voltage  shift  of  150  millivolts,  produced  by  the 
application  of  protective  current*  The  voltage  shift  must 
he  determined  in  accordance  with  sections  II  and  IV  of  this 
appendix* 

(2)  Except  as  provided  in  subparagraphs  (3)  and  (A)  of 
this  paragraph,  a minimum  negative  (cathodic)  polarization 
voltage  shift  of  100  millivolts*  This  polarization  volt- 
age shift  must  be  determined  in  accordance  with  sections 
III  and  IV  of  this  appendix* 

(3)  Notwithstanding  the  alternative  minimum  criteria  in 
subparagraphs  (1)  and  (2)  of  this  paragraph,  aluminum,  if 
eathodicaliy  protected  at  voltages  in  excess  of  1*20  volts 
as  measured  with  reference  to  a copper-copper  sulfate  half 
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cell,  in  accordance  with  section  17  of  this  appendix,  and 
oompenaated  for  the  voltage  (IR)  drops  other  than  those 
aeross  the  structure-electrolyte  boundary,  may  suffer  cor- 
rosion resulting  from  the  build-up  of  alkali  on  the  metal 
surface.  A voltage  in  excess  of  1.20  volts  may  not  he  used 
unless  previous  test  results  indicate  no  appreciable  cor- 
rosion will  occur  in  the  particular  environment. 

(4)  Since  aluminum  may  suffer  from  corrosion  under  high 
pH  conditions,  and  since  application  of  cathodic  protection 
tends  to  increase  the  pH  at  the  metal  surface,  careful  in- 
vestigation or  testing  must  be  made  before  applying  cathodic 
protection  to  stop  pitting  attack  on  aluminum  structures  in 
environments  with  a natural  pH  in  excess  of  8. 

C.  Copper  structures.  A minimum  negative  (cathodic)  po- 
larisation voltage  shift  of  100  millivolts.  This  polariza- 
tion voltage  shift  must  be  determined  in  accordance  with 
sections  111  and  IV  of  this  appendix. 

D.  ‘Metals  of  different  anodic  potentials.  A negative 
(cathodic)  voltage,  measured  in  accordance  with  section  IV 
of  this  appendix,  equal  to  that  required  for  the  meat  anod- 
ic metal  in  the  system  must  be  maintained.  If  amphoteric 
structures  are  involved  that  could  be  damaged  by  high  alka- 
linity covered  by  subparagraphs  (3)  and  (4;  of  paragraph  B 
of  this  section,  they  must  be  electrically  isolated  with 
insulating  flanges,  or  the  equivalent. 

H.  Interpretation  of  voltage  measurement.  Voltage  (IR) 
drops  other  than  those  across  the  structure-electrolyte 
boundary  must  be  considered  for  valid  interpretation  of  the 
• voltage  measurement  in  paragraph  A(l)  and  (2)  and  paragraph 
B(l)  of  section  1 of  this  appendix. 

III.  Determination  of  polarization  voltage  shift.  The 
polarization  voltage  shift  must  be  determined  by  interrupt- 
ing the  protective  current  and  measuring  the  polarization 
decay.  When  the  current  is  initially  interrupted,  an  im- 
mediate voltage  shift  occurs.  The  voltage  reading  after 
the  immediate  shift  must  be  used  as  the  base  reading  from 
which  to  measure  polarization  decay  in  paragraphs  A(3)*  B 
(2),  and  C of  section  1 of  this  appendix. 

IV.  Reference  half  cells.  A.  Except  as  provided  in  para- 
graphs B and  C of  this  section,  negative  (cathodic)  voltage 
must  be  measured  between  the  structure  surface  and  a sat- 
urated copper-copper  sulfate  half  cell  contacting  the  elec- 
rolyte. 

B.  Other  standard  reference  half  cells  may  be  substituted 
for  the  saturated  copper-copper  sulfate  half  cell.  Two 
commonly  used  reference  half  cells  are  listed  below  along 
with  their  voltage  equivalent  to  -0.85  volt  as  referred  to 
a saturated  copper-copper  sulfate  half  cell: 

(1)  Saturated  KC1  calomel  half  cell:  -0.78  volt. 

(2)  Silver-silver  chloride  half  cell  used  in  sea  water: 
-0.80  volt. 
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C.  In  addition  to  the  standard  reference  balf  cells,  an 
alternate  metallic  material  or  structure  may  be  used  in 
place  of  tbe  saturated  copper-copper  sulfate  balf  cell  if 
its  potential  stability  is  assured  and  if  its  voltage  equi- 
valent referred  to  a saturated  copper-copper  sulfate  balf 
cell  is  established. 

(FR  Doc.  71-9221  Filed  6-29-71;  8:48  am) 

TRANSPORTATION  OF  LIQUIDS  BY  PIPELINE* 


SUBPART  A — GENERAL 
AFFECTED  FACILITIES 

195*1  Scope. 

(a)  Except  as  provided  in  paragraph  (b)  of  this  section, 
this  part  prescribes  rules  governing  tbe  transportation  by 
pipeline  in  interstate  and  foreign  commerce  of  hazardous 
materials  that  are  subject  to  Parts  172  and  175  of  this 
chapter,  petroleum,  and  petroleum  products. 


(b)  This  part  does  not  apply  to- 
(1)  Transportation  of  water  or  at 


(1)  Transportation  of  water  or  any  commodity  that  is 
transported  in  a gaseous  state; 

(2)  Transportation  through  a pipeline  by  gravity; 

(3)  Transportation  through  pipelines  that  operate  at  a 
stress  level  of  20  percent  or  less  of  the  specified  mini- 
mum vield  strength  of  the  line  pipe  in  the  system;  and 

(4)  Except  for  Subpart  B of  this  part,  transportation  of 
petroleum  in  rural  areas  between  a production  facility  and 
the  point  where  the  petroleum  is  received  by  a carrier. 

SUBPART  D — CONSTRUCTION 


REQUIRED  PROTECTIVE  MEASURES 

195*236  External  corrosion  protection. 

Each  component  in  the  pipeline  system  must  be  provided 
with  protection  against  external  corrosion. 

195*238  External  coating. 

(a)  No  pipeline  system  component  may  be  buried  unless 
that  component  has  an  external  protective  coating  tbat- 

(1)  Is  designed  to  mitigate  corrosion  on  the  buried  com- 
ponent ; 

(2)  Has  sufficient  adhesion  to  the  metal  surface  to  pre- 
vent underfilm  migration  of  moisture; 

(3)  Is  sufficiently  ductile  to  resist  cracking; 

(4)  Has  enough  strength  to  resist  damage  due  to  handling 
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and  soil  stress;  and 

(5)  Supports  any  supplemental  eatbodlc  protection. 

In  addition,  if  an  insulating-type  coating  is  used  it  must 
have  low  moisture  absorption  and  provide  bigb  electrical 
resistance. 

(b)  All  pipe  coating  must  be  inspected  just  prior  to  low- 
ering tbe  pipe  into  tbe  ditcb  and  any  damage  discovered 
must  be  repaired. 

195*242  Cathodic  protection  system. 

(a)  A catbodic  protection  system  must  be  installed  for 
all  buried  facilities  to  mitigate  corro8ion  deterioration 
that  might  result  in  structural  failure.  A test  procedure 
must  be  developed  to  determine  whether  adequate  cathodic 
protection  has  been  achieved. 

(b)  A cathodic  protection  system  must  be  installed  not 
later  toan  1 year  after  completing  the  construction. 

195*244-  Test  leads.  ^ 

(a)  Except  for  offshore  pipelines,  electrical  test  leads 
used  for  corrosion  control  or  electrolysis  testing  must  be 
installed  at  intervals  frequent  enough  to  obtain  electrical 
measurements  indicating  the  adequacy  of  the  cathodic  pro- 
tection. 

(b)  Test  leads  must  be  installed  as  follows: 

(1)  Enough  looping  or  slack  must  be  provided  to  prevent 
test  leads  from  being  unduly  stressed  or  broken  during  back 
f -lling. 

(2)  Each  lead  must  be  attached  to  the  pipe  so  as  to  pre- 
vent stress  concentration  on  the  pipe. 

(3)  Each  lead  installed  in  a CQQ$uit  must  be  suitably  in- 
sulated from  the  conduit. 

SUBPART  P — OPERATION  AND  MAINTENANCE 


CATHODIC  PROTECTION  REQUIREMENTS 

195*414  Cathodic  protection. 

(a)  After  March  31,  1975*  no  carrier  may  operate  a pipe- 
line that  has  an  external  surface  coating  material,  unless 
that  pipeline  is  cathodically  protected.  This  paragraph 
doe 8 not  apply  to  tank  farms  and  buried  pumping  station 
piping. 

(b)  Each  carrier  shall  electrically  inspect  each  bare 
pipeline  before  April  1,  1975 « to  determine  any  areas  in 
Which  active  corrosion  is  taking  place.  The  carrier  say  not 
increase  its  established  maximum  operating  pressure  on  a 
section  of  bare  pipeline  until  the  section  has  been  so 
electrically  inspected.  In  any  areas  where  active  corros- 
ion is  found,  the  carrier  shall  provide  cathodic  protection. 
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Section  195.4-16  (f)  and  (g)  applies  to  all  corroded  pipe 
that  if  found. 

(c)  Each  carrier  shall  electrically  inspect  all  tank 
farms  and  buried  pumping  station  piping  before  April  1, 

1973*  as  to  the  need  for  cathodic  protection,  and  cathodic 
protection  shall  be  provided  where  necessary* 

EXTERNAL  CORROSION  CONTROL 
TESTING  AND  INSPECTION 

195.4-16  External  corrosion  control. 

(a)  Each  carrier  shall,  at  intervals  not  exceeding  12 
months,  conduct  tests  on  each  underground  facility  in  its 
pipeline  systems  that  is  under  cathodic  protection  to  de- 
termine whether  the  protection  is  adequate* 

(b)  Each  carrier  shall  maintain  the  teat  leads  required 
for  cathodic  protection  in  such  a condition  that  electrical 
measurements  can  be  obtained  to  ensure  adequate  protection* 

(c)  Each  carrier  shall,  at  intervals  not  exceeding  2 mon- 
ths, inspect  each  of  its  cathodic  protection  rectifiers* 

(d)  Each  carrier  shall,  at  intervals  not  exceeding  5 
years,  electrically  inspect  the  bare  pipe  in  its  pipeline 
sytem  that  is  not  cathodically  protected  must  study 
leak  records  for  that  pipe  to  determine  if  additional  pro- 
tection is  needed. 

(e)  Whenever  any  buried  pipe  is  exposed  for  any  reason, 
the  carrier  shall  examine  the  pipe  for  evidence  of  external 
corrosion*  If  the  carrier  finds  that  there  is  active  cor- 
rosion. that  the  surface  of  the  pipe  is  generally  pitted, 
or  that  corrosion  has  caused  a leak,  it  shall  investigate 
further  to  determine  the  extent  of  the  corrosion* 

(f)  Any  pipe  that  is  found  to  be  generally  corroded  so 
that  the  remaining  wall  thickness  is  less  than  the  mini- 
mum thickness  required  by  the  pipe  specification  tolerances 
must  either  be  replaced  with  coated  pipe  that  needs  the  re- 
quirements of  this  part  or,  if  the  area  is  small,  must  be 
repaired*  However,  the  carrier  need  not  replace  generally 
corroded  pipe  if  the  operating  pressure  is  reduced  to  be 
commensurate  with  the  limits  on  operating  pressure  specif- 
ied in  this  subpart,  based  on  the  actual  remaining  wall 
thickness* 

(g)  If  isolated  corrosion  pitting  is  found,  the  carrier 
•hall  repair  or  replace  the  pipe  unless- 

(1)  The  diameter  of  the  corrosion  pits,  as  measured  at  the 
surface  of  the  pipe,  is  less  than  the  nominal  wall  thickness 
of  the  pipe;  and 

(2)  The  remaining  wall  thickness  at  the  bottom  of  the  pits 
is  at  least  70  percent  of  the  nominal  wall  thickness. 

(h)  Each  carrier  shall  clean,  coat  with  material  suitable 
for  the  prevention  of  atmospheric  corrosion,  and,  maintain 
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this  protection  for,  eech  component  in  its  pipeline  system 
tbet  is  exposed  to  the  atmosphere. 

INTERNAL  CORROSION  CONTROL 

195 •♦IB  Internal  corrosion  control. 

(s)  No  carrier  may  transport  any  commodity  that  would 
oorrode  the  pipe  or  other  components  of  its  pipeline  sys- 
tem, unless  it  has  investigated  the  corrosive  effect  of  the 
commodity  on  the  system  and  has  taken  adequate  steps  to 
mitigate  corrosion. 

(bl  If  corrosion  inhibitors  are  used  to  mitigate  internal 
corrosion  the  carrier  shall  use  inhibitors  in  sufficient 
quantity  to  protect  the  entire  part  of  the  system  that  the 
inhibitors  are  designed  to  protect  and  shall  also  use  cou- 
pons pr- other  monitoring  equipment  to  determine  their 
effectiveness. 

(c)  The  carrier  shall,  at  intervals  not  exceeding  6 mon- 
ths, examine  coupons  or  other  types  of  monitoring  equipment 


tent  of  any  corrosion. 

(d)  Whenever  any  pipe  is  removed  from  the  pipeline  for 
may  reason,  the  carrier  must  inspect  the  internal  surface 
for  evidence  of  corrosion.  If  -be  pipe  is  generally  cor- 
roded such  that  the  remaining  wall  thickness  ia  less  than 
the  minimum  thickness  required  by  the  pipe  specification 
tolerances,  the  carrier  shall  investigate  adjacent  pipe  to 
* determine  the  extent  of  the  corrosion.  The  corroded  pipe 
must  be  replaced  with  pipe  that  meets  the  requirements  of 
this  part. 

(•)  Excerpt  from  Federal  Register.  October  4,  1969,  Title 
49  - Transportation,  tart  - Transportation  of  Liquids 
by  Pipeline. 
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ELECTBOHOTIV] 

Electro^ 

Le  Reaction 

Standard  Electrode  Potential 
E°  (volts).  25°C. 

Potassium 

* ®”  - 

-2.922 

Calcium 

- Ca*+  + 2e 

-2.87 

Sodium 

* **14  + ®”  - 

-2.712 

Magnesium 

- ♦ 2®: 

-2.3* 

Borjlllum 

-1.70 

Aluminum 

• + 5®’ 

-1.67 

HSB0SI1SM 

« Mn**  2e 

-1.05 

Zinc  ' 

» Zp  . » 2e" 

-0.762 

Chromium 

■ Crttt+  5a~- 

-0.71 

Gallium 

» Ga'M"f  ♦ Jo 

-0.52 

Iron 

- ♦ 2e~ 

-0.440 

Cadmium 

- Od  .-*-  2a" 

-0.402 

Indium 

- In+++  ♦ 5e" 

-0.3*0 

Thallium 

- T1+  ♦ e" 

-0.336 

Cobalt 

• Co++  ♦ 2a 

-0.277 

■ideal 

- W-tt  ♦ 2a" 

-0.250 

tin 

- 8n++  ♦ 2a" 

-0.136 

Load 

- Pb*+  ♦ 2e" 

-0.126 

Rjdrogan 

Coppar 

- 2HT.+  2a  . 

- Gu**  ♦ 2a 

0.000 

0.3*5 

Coppar 


Silm 

Palladit 


:V 

SfcVs: 


+ 2*  . 
Au+*+  +_3a 
An4  ♦ a 


0.322 

0.799 

0.800 

0.83 

0.85* 

1.2 

1.42 

1.68 
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TAB1£  D-l  (Continued) 

GALVANIC  SERIES  WITH  RESPECT 
TO  SATURATED  CALOMEL  ELECTRODE1 


Metal 

Nickel 

Stainless  steel  type  316*  l8£  Cr, 
IS % Nl,  3#  Mo  (active) 

Inconel 

Stainless  steel  type  4lO, 

13 % Or  (passive) 

Tltanitgn  (commercial) 

Silver 

Titanium  (high  purity  from  Iodide) 
Stainless  steel  type  304. 

10jG  Cr,  8 % Ni  (passive) 

Hastelloy  C 
Monel 

Stainless  steel  type  316,  10jf  Cr 
12Jf  Nl,  3%  Mo  (passive) 


Negative  Potential 
to  Saturated  Calomel 
Electrode,  volts1 

0.20 

0.18 

0.17 

0.15 

0.15 

0.13 

0.10 

0.08 

0.08 

0.08 

0.05 


1 Based  on  potential  measurements  in  sea  water;  velocity 
of  flow,  13  ft.  per  sec.;  temperature  25#C.  (77°F.). 
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APPENDIX  D 


TABLE  D-l 

GALVANIC  SERIES  WITH  R-3PECT  , 
TO  SATURATED  CALOMEL  ELECTRODE1 


1 .« 
i -J 


Metal 


Zinc 

Aluminum  (Alclad  3S) 

Aluminum  (3S-H) 

Aluminum  (61S-T) 

Aluminum  (52S-H) 

Cast  Iron 
Carbon  steel 

Stainless  steel  type  430 
175*  Cr  (active) 

Nl-resist  cast  Iron,  205*  1 

Stainless  steel  type  304 
18*  Cr,  8*  N1  (active) 
Stainless  steel  type  4l0, 

13J*  Cr  (active) 

Mi-resist  cast  iron,  30*  Ni 
Ni-resist  cast  iron,  30*  Ni  + Cu 
Naval  rolled  brass 
' Yellow  bras 8 

Copper 
Red  brass 

Composition  G bronze 
Admiralty  brass 

90-10  Cupro  nickel,  0.0*  Iron 
70-30  Cupro  nickel,  0.06J*  iron 
70-30  Cupro  nickel,  0.47*  iron 
Stainless  steel  type  430, 

17J*  Cr  (passive) 


Negative  Potential 
to  Saturated  Calomel 
Electrode,  volts1 

l.O: 

0.9 
0.79 
0.76 
0.74 
0.61 
0.61 

0.57 
0.54 

0.53 

0.52 

0.49 
0.46 
0.40 
0.36 

' 0.36 
0.33 
0.31 
0.29 

0.28 
0.27 
0.25 

0.22 


i i 


1 Based  on  potential  measurements  In  sea  water;  velocity 
of  flow,  13  ft.  per  sec.;  temperature  25°C.  (77*P). 
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. TABLE  D-2 

GALVANIC  SERIES  WITH  RESPECT  TO 
SATURATED  COPPER- COPPER  SULFATE  EIECTRODE1 * * * 


Metal 


Negative  Potential  to  Saturated 
Copper-Copper  Sulfate  electrode 


Magnesium  (Galvomag  alloy )a  1.75 
Magnesium  (H-l  alloy)®  1.55 
Zinc  1.10 
Aluminum  (Alclad  3S)  1.01 
Cast  iron  0.68 
Carbon  steel  . 0.68 
Stainless  steel  type  430,  17#  CrD  0.64 
Ni-resist  cast  iron,  20*  Hi  0.6l 
Stainless  steel  type  304,  18*  Cr.8*  Ni*5  0.60 
Stainless  steel  type  410,  13*  Cro  0.59 
Nl-raslst  cast  iron,  30$  N1  0.56 
Nl-reslst  cast  iron,  20*  Ni  + Cu  0.53 
Naval  rolled  brass  0.47 
Yellow  brass  0.43 
Copper  0.43 
Red  brass  0.40 
Bronze,  composition  G 0.38- 
Admlralty  brass  0.36 
90:10  Cu-Ni  + 0.8*  Fe  0.35 
70:30  Cu-Ni  + 0.06*  Fe  0.34 
70:30  Cu-Ni  + 0.47*  Fe  ^ 0.32 
Stainless  steel  type  430,  17*  Crb  0.29 
Nickel  0.27 
Stainless  steel  type  316,  18*  Cr, 

12*  Ml,  3*  Mob  0.25 
Inconel  0.24 
Stainless  steel  type  410,  13*  Crb  0.22 
Titanium  (commercial)  0.22 
Silver  0.20 
Titanium  (high  purity  from  iodide)  0.17 
Stainless  steel  type  304,18*  Cr,8*  Nib  0.15 
Hastelloy  C 0.15 
Monel  0.15 
Stainless  steel  type  316,  18*  Cr, 

12*  Ml,  3*  Mob  0.12 


1 Based  on  potential  measurements  in  sea  water:  velocity 
of  flow,  13  ft.  per  sec.;  temperature  25°C.  (77°F). 

* Based  on  data  by  The  Dow  Chemical  Company. 

b The  stainless  steels  as  a class  exhibited  erratic  poten- 
tials depending  on  the  incidence  of  pitting  and  corrosion  in 
the.  crevices  formed  around  the  specimen  supports.  The  values 

listed  represent  the  extremes  observed  and,  due  to  their  er- 
ratic nature,  should  not  be  considered  as  establishing  an  in- 

variable potential  reaction  among  the  alloys  which  are  covered. 
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interference  5.7.2 

reverse  current  switch  5.7.2 


C 


Cable 

lead  sheath  5*3.2.8 

power  and  cosnwnication  4.15.12 

CadniuB  5.3-2.11e 

5.3.3.1c 

Cast  Iron  5-3. 2.1 

graphitisation  of  4.5,  4.15.9 

plastic  wrap  for  5. 4*2.4 

Cathode  3. 2.3.1 

Cathodic  corrosion  4.3.4 

Cathodic  protection  5.9 

criteria  for  3*7.3,  5.9.1 

govement  regulations  for  5. 9. 1.1 

HkCE  criteria  for  5. 9.1. 2 

pit  depth  analysis  for  5.9.1.3a 

polarisation  and  3.7.3 

where  required  5. 9. 1.3 

Cation  3.4. 1.1 


Paragraph 

Caustic  embrittlement  4.10,  4.15.7 

Cavitation  4*7,  5.3. 2. 6 

Calls 

concentration  3*2,3. 2b,  3*5.3,  4*3*2 

corrosion,  basic  3*2.3 

electrochemical  3.5 

electrolytic  3.5.1 

galvanic  3.5*2 

Cement  5*3*3*1 

Chloriast  5 *3  *2. 10a 

Chromium  carbide  3.3.6.3d,  5. 3*2.4 

Cinders  5.3 .1.1c 

Coatings  5*4 


aluminum  

anodic  

asphalt,  hot-applied 
asphalt  mastic  .... 
butadiene  styrene 

cathodic  

coal  tar  epoxy  .... 

conductive  

concrete  

copper  

dielectric  


* . 5 *4* 1.1a 

* . 5 *4. 1.1a 
5*4*l*2a(2) 

5.4*l*2a(3) 
5.4*l*2a(7) 
. 5.4.1.1a 

5.4*l*2a(7) 
* 5.4.1.1 

5*4. l*2a. (6) 
5.4.1.1a 
. 5 *4.1.2 
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Paragraph 

5.4.1.2a.(9) 


nickel  5. 4*1. la 

polyethylene  5.4.1.2a. (4) 

taut  aim  5.4.1.1a 

tape  5. 4-2. 6 

thin  film  5.4.1.2a(7) 

tin  5.4.1.1a 

underground  5.4.1.1b,  5.4.1.2a 

vinyl  resin  5.4>1.2a(7) 

wax  5.4>1.2a(8) 

weighted  5.4*1. 2a. (5) 

zinc  5.4.1.1a 

Coluribium  5. 3* 2. lid 

Concrete  5. 3*3.1 

Condensate  lines,  steam  4*3*4 

Copper  5*3 >2.6 

cavitation  and  impingement  5.3*2c6 

dezincification  of  alloys  5 .3*2. 6 

pipelines  4.15.1.1 

Corrosion 

atmospheric 4*15*10,  5-3. 1.1a 

bimetallic  4*2.1 

cathodic  4*3.4 


2oe 

v 


m 


--- 


, i 


G 

Paragraph 

Galvanic 

caU  

corrosion  

series  3. 4.1.3 

(Him  5.3.3. 1 h 

Gold  5-3.2. Uf 

Governs* id  regulations  for  cathodic  protection  5. 9-1.1 

fraphite  5.3.3.1c 

Qraphitimation  4.5,  4-15.9 

Guy  anchors  4.15.19 

H 

Half-cell  (see  Reference  Electrode) 

Haatelloy  5.3.2.1Gb 

Holidays,  coating  5.4.1.2a 

Hydraulic  elevator*'  5. 8. 1.4 

Hydrogen  3-7.2 

cracking  4.10 

edarlttl  ■sent  4.10 

.2 


! 

| 

overvoltage  
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Paragraph 


laying— nt  

Inhibitor*,  eorroaxon  

anodic  

cathodic  

organic  

passivating  

precipitation  

▼apor  phase  

Insulation  

....................... 

flange  

splice  

through  walls  

Intergranular  corrosion  

Iona  

IR  Drop  

Iron,  effect  of  pH  on  

Lead  

cable  sheath  

N 


Marine  structures 


4-8,  5. 3. 2. 6 

5.5 

5.5.1 

5.5.1 

5.5.2 

5.5.2 

55.2 

5.5.2 

5.6 

5. 6. 2.4 

5.6.2. 2 

5. 6. 2.3 

5.6. 2.1 

4.1X>,  4.14.1.1c  , 5*3. 2. 4 

3.2.1,  3.4.1.1 

3.7.2.3 

3 »3 .3. 2 

3.3.3. 2,  4.3.4,  5.3. 2. 8 

5.3. 2. 8 


5.3.2.7 

4.15.14 


1 


,1 


1 


1 


I 


k 

r 


Metals  

atcadc  construction  

heat  treatment  

loss  of  

space  lattice  

Mines  

Molecules  

Monel  

N 

Nickel  

0 

Oxidation  

reduction  

Oxygen  

differential  aeration  

Overvoltage  

P 

Passivation  

PH  

Piers  

Pipe 

casings  

radiant  heat  


Paragraph 

5.3.2 

3.2.1 

3.3.6.3 

4.14.2 

3.3.6.1 

4-13.2.1 

3.2.1 

5.3.2.10c 

5.3.2.10 

3.2.2,  4.12 

3.2.2 

3.2.3. 2b(3),  5.3.1.1b 

4-3.2 

3. 7.2.3 

3.8.1 

3-3.3 

4.15.14.1 

4.15.4 

4.15.6 

5.9.1.3a 

4.14.1.1b 


i 


Pit  depth  analysis 
Pitting  
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Reverse  current  switch 


3.4.1.2 

3.2.3.2a,  3.3.1,  5.9.1.3a 
5.7.2 


Paragraph 


Rubber  

Rusting  

S 

Safety  bonding  

Season  cracking  

Selective  dissolution  

Selective  leaching  

Sensitisation  

Service  lines  

Silver  

Soil  

moisture  

oxygen  

Splices,  cable  

Stainless  steel  


5.3.3.1b 

3.2.3.3c 

5.7 

4.10 

4.5,  4.15.9 

4.5 

3.3.6.3d 

4.15.1 

5.3.2. Ilf 

3. 2.3.2  , 5.3.1.1c 

3.2.3.2b. (2) 

3.2.3.2b(3) 

5.6. 2.3 

3.3.6.3d,  4.15.8.2,  5.3*2.4 


Stray  current  4*13,  4*13.2.1,  4.13.2.2 

5.1.2,  5.3.3 .le 

Stress  corrosion  4.10,  4*14>l.lc,  4.15.8 

Subways  4.13.2.1 


T 


Tanks 

non-metal  4.15.13 

underground  4. 15. 13 

water  4*15.11 

wrap,  plastic  for  5.4.2.* 
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